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I. Summary of Scientific Research Goals for the Proposal

The statement of work for-ONR contract N00014-86-K-073 involved free-electron-laser-related
activities using synchrotron uv sources and frequency up-converted laser light: (1) to measure the
energy dependence of photon-induced processes of desorption; to vary temperatures of the
irradiated samples over a wide range to ascertain the effects of defect mobilities on desorption
processes; to use pump-probe techniques to study the time dependence of the energy localization
and desorption processes; and to perform kinematically-complete experiments in which all the
neutral desorbed species and appropriate level spectroscopy occurs to allow unambiguous
identification of the mechanisms. The motivation for the work arose from the need for a clearer
understanding of fundamental processes of materials modification and damage in ultraviolet optical
materials, particularly with reference to the hoped-for developments in short wavelength free-
electron lasers (FELs).

The major objective of the proposal was the elucidation of mechanisms through which
bombardment by energetic ultraviolet photon beams over a wide range of energies leads to surface
modification, erosion and macroscopic damage. The program emphasis was to be on threshold
effects, time structure, interaction mechanisms (both thermal and electronic), and the influence of
differing bonding mechanisms on desorption induced in both layers and substrates. By choosing
representative model systems to be analyzed using a uniform experimental protocol, intended to
characterize the interactions of photons (over a wide range of photon intensity and nergy) with
matter in a generic way, by categorizing interaction mechanisms and identifyi them with
particular classes of materials. Such a program would, in turn, have allowed 'omputational
modelling for these processes to be put on a more firm physical footing.

Technical Approach to the Proposed Work

The unique expertise of our group lies in the detection and characterization of neutral atoms and
molecules desorbed from a surface during bombardment by UV photons as well as by electrons
and heavy particles. The emphasis on neutral desorbing species, and on the comparison of
multiple radiation sources and their effects, constitute the fundamental difference between this
work and that of most other researchers in this field, who detect and analyze desorbing ions and
usually employ only a single radiation source. Experiments on alkali halide surfaces have
demonstrated that the yield of desorbed neutrals is several orders of magnitude larger than that of
ions, and that there are important similarities between the electronic mechanisms observed in
"sputtering" of these tightly-bound optical materials. Therefore, the study of desorbed neutrals
with a variety of radiation sources is essential to a comprehensive understanding of the desorption
process itself, as well as of the static and dynamic properties of the surface chemical bond.

The desorption studies we proposed to carry out are concerned with the most basic questions of
energy absorption, localization and redirection or decay, and are therefore intimately linked to the
specific atomic-scale electronic properties of materials. In considering the detailed dynamics of
electronic photon-surface interactions, it is useful to describe electronically-induced desorption as a
three-stage process: (1) the initial deposition of energy through creation of a hole, two holes,
anexciton or a defect; (2) a fast electronic rearrangement which leaves a surface atom or group of
atoms in a spatially and temporally localized repulsive or energetic state; and (3) additional particle-
surface interactions (neutralization, Auger transitions, and so on) as the atom, molecule or cluster
leaves the surface. In both ESD and PSD experiments on alkali halides, it has been shown that the
dominant channels through which energy is absorbed and localized lead to desorption of neutral
atoms and molecules; hence one must analyze the desorbing neutrals to obtain a picture of the
energy balance and the dynamics typical of photon-materials interactions.
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The detailed desorption mechanisms are linked to specific materials properties, because of the
influence of material structure and bonding on both the initial absorption and the localization
phases, and because of the influence of both surface structure and surface composition on the final-
state particle-surface interactions. The differing behaviors of metals and insulators under photon
irradiation, for example, clearly arise because in metals the nearl, -free electron gas prevents spatial
and temporal localization of the incident photon energy, while in insulators there exist a variety of
different mechanisms for storing and then re-emitting this electronic energy to produce defects,
structural reordering and desorption. Similar contrasts could be drawn between crystalline and
amorphous materials, where the orderly localization of electronic charge density in the former and
the random localization of electron density in the latter produce quite different radiation responses.

The key issues to be studied involved questions of threshold effects (both in the energy of
incoming photons and in the intensity of the incident beam), of specific mechanisms or pathways
for redistribution of energy, and of the links between microscopic atomic-scale events which occur
in conjunction with the energy flow and the macroscopic phenomena of large-scale materials
modification, surface erosion and damage. The unique experimental approach proposed here has
already been enormously productive in increasing our understanding of electronic interactions of
photons and electrons with one specific class of materials -- the alkali halides.

Scientific Background and Perspective

The study of Desorption Induced by Electronic Transitions (DIET) by means of electron-
and photon-stimulated desorption (ESD/PSD) has emerged in recent years as one of the most
fruitful directions in surface chemistry and physics. Interest in stimulated desorption was first
aroused in the 1960's with the pioneering work of Menzel, Gomer and Redhead. 1 In the late
1970's, this interest was stimulated by the development of the Knotek-Feibelman desorption
model.2 A link between the angular distribution of desorbing ions and the geometrical properties
of the surface chemical bonds predicted by this model was subsequently verified by the
experimental and theoretical research of Madey, Yates and their co-workers. 3 This work has made
it possible to study both the static and dynamic properties of surface chemical bonds and to
contribute significantly to the understanding of technologically-important problems in catalysis,
interface formation, corrosion, passivation and surface chemistry in general.

During the years following the work of Knotek and Feibelman, most ESD and PSD studies
were dedicated to searching for desorbing ions. However, interest in the field has increasingly
focussed on studies of desorbing neutral species, by using optical radiation to detect and analyze
these species. In 1981, one of us (NHT) in collaboration with others, proposed and implemented
a new and efficient method for the detection of excited desorbed neutral atoms, by detecting the
optical radiation emitted by the desorbing particles as they fly away from the surface. 5 6,7 These
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early experiments on alkali atoms desorbed by photon (or electron) irradiation of LiF and NaCI
surfaces showed that excited-state desorbed neutrals are much more abundant than desorbing ions.
The recent use of tunable dye lasers for laser-induced fluorescence detection of the ground-state
neutrals desorbing from the alkali halides has shown that the dominant process in stimulated
desorption is ground-state neutral particle production. 8

This discovery necessarily changes the perspective required for an understanding of this
problem, since no presently available theory correctly describes the desorption of neutrals. While
the Knotek-Feibelman theory is correct for ions, it must now be viewed as a special case of a more
general treatment of the problem whose outlines are not yet clearly in view. Moreover, the fact that
stimulated desorption yields for neutrals are orders of magnitude larger than those for ions means
that studies of the dynamical processes involved in radiation effects must deal with neutral
desorption, since the bulk of the incident energy is clearly redirected to neutral desorption
channels. Hence, stimulated desorption must now be re-considered seriously as a contributing
factor in teJinulogical problems where it formerly was neglected, e.g., in radiation-induced
damage in optical materials. In addition, the large yields of neutral adsorbed species -- such as
hydrogen -- are also highly significant in a wide variety of industrial and high-technology
applications, ranging from semiconductor fabrication to magnetic fusion.

It is now generally accepted that the most abundant products of desorption induced by electronic
transitions from the surface of ionic insulators are neutral atoms and molecules, regardless of
whether the desorption process is stimulated by energetic electrons or photons. Only a very few
results, however, had been published about neutral desorption previously. 9 -1 1 These early
experiments suggested the leading role of neutrals in the desorption process. Our initial PSD
studies of Li desorbed from LiF demonstrated by direct measurements that the yield of excited
neutrals was more than five orders of magnitude greater than the measured yield of desorbed ions.6

Moreover, the yields of excited-state desorbed neutral hydrogen obtained by looking at the Balmer
radiation indicate that this same neutral-desorption phenomenology is relevant to the
technologically important case of hydrogen on surfaces. 5 Prior to the initiation of extensive studies
at Bell Laboratories and more -ecently at Vanderbilt, ground-state atomic and molecular neutrals
desorbed by electron impact had been studied in only a few cases.8 -1 1

Our approach to the detection of desorbed neutrals is based on analysis of the optical radiation
which they emit during post-desorption decay. The experimental equipment includes an ultrahigh
vacuum chamber, the primary excitation source and an optical detection/analysis system with a
monochromator and computer-controlled data processing. For experiments in which neutral
excited-state desorption products are observed, only the characteristic atomic line radiation from
the excited neutrals enters the focusing optics of the spectrometer. For measurements of ground-
state neutral desorption processes, on the other hand, the tunable dye laser is used to identify and
characterize particular atomic states of the desorbing atoms by means of laser-induced
fluorescence. Through variations in photon collection geometries, it is possible to distinguish the
atomic emission line spectra of the desorbed neutrals from the broad-band cathodoluminescence at
the substrate. The dependence of desorption yield on the primary-beam intensity, the emission
spectral characteristics and several other features (such as correlations with core-hole and valence-
band excitation energies) can all be used to help discriminate against such processes as secondary
electron excitation of desorbed ground-state neutrals.

These studies of thresholds specific mechanisms for electron- and photon-stimulated
desorption are leading to an increasingly comprehensive picture of the dynamics which connect the
early, atomic-scale modifications to materials with large-scale materials modification and damage
which occur after prolonged or very high-intensity irradiation exposures. For example, it is
possible with this new picture of desorption dynamics to understand why short-wavelength
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illumination of materials at high intensities appears to produce a mixture of thermal and electronic
modifications to the material, and why some materials are damaged much more readily than others.

For an ionically-bonded insulator, such as an alkali halide, in the early stages of irradiation,
the substrate is protected by a film of some sort (as yet uncharacterized, but probably rich in
hydrocarbons), which acts as a protective overlayer for the substrate. The mechanism by which
this film retards desorption is still under active investigation, but it probably occurs because the
film does not support the formation of self-trapped excitons, so any electronic excitation produced
in the film either results in immediate bond-breaking, releasing the hydrogen and hydroxide
observed in our spectra, or else simply a near-surface-bulk luminescence. (Increasing substrate
desorption yields are accompanied in our experiments by a decrease in the background
luminescence.) As the protective layer is eroded, substrate desorption begins and mobile defects
are "gettered" to the interface between the substrate and the film. As more and more free metal
begins to accumulate on the surface exposed to the radiation source, plasma generation begins and
the agglomerating metal to begin to act as a thermally-absorbing inclusion, which may fracture the
material surrounding it. However, even though this phase is the damage is thermal in nature, the
facilitating mechanism is in fact electronic.
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II. Significant Results from the Research Program

The goals for the proposed research program centered around the correlation of threshold effects
and specific photon-induced electronic desorption mechanisms with the electronic properties of
specific classes of materials. As mentioned above, the experimental evidence supports the key
role of neutral ground-state and excited-state desorption in DIET processes, particularly with
regard to dynamics, energy distribution and localization in the desorption process. These DIET
processes are capable ultimately of producing large-scale materials modification and damage in
optical materials, and can be initiated by uv photons and electrons produced in the acceleration
processes that leads to lasing in the FEL as well as by the FEL output photons. Moreover, they
clearly play a key role in the interaction of FEL laser light with materials ranging from crystalline
solids in UHV to "natural" materials produced through exposure to normal atmospheric conditions.

From the staidpoint of experimental techniques, therefore, the research program we had proposed
was logically centered around the following key ideas:

* the use of frequency-doubled dye laser and synchrotron uv sources to study
the photon-energy and intensity dependence of DIET processes producing
ground-state and excited-state neutral atoms and molecules, with a particular eye
toward threshold effects and identification of the participating electronic states;

* the study of desorption yields as a function of the critical parameters such as
temperature and pulse-probe time delay, which together with threshold photon
energies will allow us to clarify the role played by electronically induced defects;
and

* the performance of kinematically complete experiments in which all neutral
desorbing species are detected and velocity distributions measured, in order to
form a complete picture of the relative importance of competing energetic
pathways in the excited material.

In accordance with the Itoh taxonomy of materials which display efficient operation of DIET
processes, we proposed to carry out these measurements on: (1) a material which forms neither
permanent defects nor self-trapped excitons, and so is nominally immune to efficient neutral
desorption from purely electronic mechanisms; (2) a material which forms self-trapped excitons,
but not permanent defects; and (3) a material which both supports self-trapped excitons and allows
these to relax to form permanent electronic defects. The materials to be studied included
representatives of each type, and the experimental protocol consists of the three generic types of
experiments just mentioned.

The principal research accomplishments for the contract are listed below. Most of them have
already been published either in journals or in conference proceedings. Details will be found in the
attached copies of the publications and presentations.
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Simultaneous Measurement of Several Desorption Channels on LiF

The detailed understanding of the way in which incoming photon energy is absorbed, localized,
transformed and dissipated depends crucially on knowing all of the important exit channel particle
flux distributions. In the case of PSD on alkali halides, the channels include (in decreasing order
of production efficiency): ground-state neutral atoms, excited neutral atoms, secondary electrons
and alkali and halogen ions. We have made the first measurements ever carried out in PSD studies
on all these channels as a function of photon energy. The target used was LiF, and the photon
energies covered the range around the Is core-hole resonance in Li. One group of typical results is
shown in the figure below.

PHOTONS oLF ZOC Li "-

L' OFF 'SONANCE .LiF'hu-
~160-- I-i ""

O0
o

o I Z U00-

PHOTO ENPY W1 ,i

5 60 65 TO T5 80
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Figure 1. (Left) Yield of ground-state and excited-state Li atoms desorbed by ultraviolet
photon irradiation as a function of photon energy. (Right) Yield spectra of excited lithium atoms,
lithium ions and secondary electrons as a function of incident ultraviolet photon energy in the
vicinity of the Is core hole energy for LiF. A spectrum of ground-state neutrals desorbed by
photons in this same energy range shows virtually no structure.

One of the key questions which has been raised by a number of authors in recent studies of the
desorption of excited-state atoms by both photons and electrons is whether or not the desorption of
excited-state atoms is purely a secondary process, in which the excited states are created by
secondary electron bombardment of desorbed ground-state neutral atoms. These data appear to
show plainly that the excited state desorption cannot be entirely due to secondary events, since the
excited-state yields do not track secondary electron production. This question is to be examined in
detail in a forthcoming publication.

Apart from the question of mechanisms for excited-state desorption, these studies also hint at
interesting possibilities for using optical radiation to help quantify secondary electron emission
from the surface of insulators -- a difficult measurement under some circumstances because of the
photon- and electron-induced damage which occurs during the bombardment producing the
secondary electrons. This possibility of using neutral species desorption spectroscopy fe: surface
analysis is one of several interesting features of this work which remain to be explored.
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Ultraviolet photon induced metallization of alkali halide surfaces

Rf-linac driven free-electron lasers, with their unique combination of high macropulse and mi-
cropulse peak power, high pulse repetition frequency, and trains of ultrashort pulses, deliver
photons in uniquely insulting ways to the components of the associated optical systems. For the
technology of free-electron lasers, the damage caused by these pulses in the FEL resonator optics
is a practical problem of utmost concern, since it is the limiting factor in the optical output of the
device and often imposes severe constraints on resonator optimization. Here the materials physics
of the photon-matter interaction, particularly for ultraviolet wavelengths, poses questions of great
scientific interest and enormous, direct technological relevance.

Studies at Va.iderbilt on the ways in which the electronic energy of photons is absorbed,
localized, transformed and ultimately dissipated are showing that there are many pathways leading
to surface and bulk damage to typical optical materials, such as alkali halides, alkaline earth
halides, metal oxides and fused silicas. This is particularly true if the photons are delivered, as is
the case with the FEL, on time scales comparable to or shorter than the thermal relaxation times.

Much of the previous work on the interactions of photons with matter has focused on thermal
models for the observed effects, because they were, in principle, easy to conceptualize and
calculate. But rate constants for processes like optical damage have proven difficult or impossible
to calculate because the initial rate-limiting steps are unknown. Indeed, in the picosecond laser
regime, it is quite likely that the thermal model must be entirely abandoned because the
preconditions for its validity -- namely, the establishment of a local thermodynamic equilibrium --
do not obtain. Electronic processes occur on the time scale of a single vibrational period and under
many circumstances are incapable of exciting anything more collective than a single molecular
vibration. These concerns underly the critical importance of using bright, tunable, ultrashort
probes -- of which the FEL appears to be the most promising -- to study electronic and other non-
thermal excitation processes in organic and inorganic materials.

During the past year, we have continued work on studies of photon-induced damage to model
wide band-gap optical materials, focusing particularly on modifications to surface composition,
surface electronic structure, and loss of surface and near-surface atoms due to atomic and
molecular desorption. These studies have included both laser-induced desorption and ultraviolet-
photon-stimulated desorption using the newly developed Vanderbilt-SRC partnership beam line at
the Aladdin Synchrotron Radiation Center at the University of Wisconsin, Madison.

We have found that even minute changes in surface chemical composition -- whether due to the
metallization of the surface stemming from the energetic photon-induced expulsion of the
nonmetallic component of a dielectric, or due to the adsorption of small quantities of gases -- can
inhibit or entirely close certain desorption channels. In addition, tine-resolved studies have
provided new insight into the role played by the energetic decay of the self-trapped exciton (STE)
as the precursor to desorption events. The STE may be viewed as a phase transition of a photon-
created electron-hole pair in which the relevant scale parameter is the effective mass of the hole; the
temporary localization of the incident photon energy is made possible by this phase transition in an
ordinary Frenkel exciton. The lattice deformation caused by the STE, in turn, provides the kinetic
energy needed to expel an atom or atoms from the surface of the material, producing damage on an
atomic scale to the host lattice.

These desorption-induced changes in the surface not only change the thermal properties of the
surface, but also its electronic properties. These effects have been demonstrated to occur for
photon energies below the bulk band-gap energy; hence, the surface metallization following
desorption of ground-state non-metallic atoms is expected to be important in pulsed laser irradiation
of surfaces, and may even, in the case of ultraviolet lasers, occur via single-photon transitions.
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We illustrate this effect with data from a recent experiment on photon-stimulated desorption of
LiF, showing the development of a layer of metallic Li on the surface of a pure LiF crystal
undergoing ultraviolet photon irradiation in an ultrahigh vacuum environment. The radiation
source was the first-order light from the Aladdin synchrotron light source of the University of
Wisconsin.

I" "White" Aladdin spectrum on LiF
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Figurey 2. Fluor escnc l ig .. from LO3 dt.sl bed by tht "whie" ultraviolet photon spectrum
from the Aladdin synchrotron light source. At the beginning of the measurement, the LiF crystal
is illuminated for about a minute by the uv photons, then the uv irradiation is blocked by a beam
stop, and the crystal is heated, while the laser-induced fluorescence signal from desorbing Li is
monitored.

The Figure shows the time evolution of the first resonance decay of the desorbei I-o excited !y
light from a tunable dye laser. Each peak in this spectrum represents a scan of the Coherent 599-
21 tunable dye laser lasting approximately ten seconds over the first resonance line of the Li atoms
at 6707 A. At the time indicated by the arrow, the synchrotron light was blocked, and the LiF
crystal was heated ballistically by turning on the heater block of the sample holder. As the sample
temperature increases, the yield of Li0 increases at first, as metallic Li is desorbed thermally from
the surface. As this surface layer of neutral Li is depleted, the laser-induced fluorescence signal
gradually dies away. The fact that it does not decay completely is consistent with the long time
scales for F-center diffusion seen in previous experiments.

Effects of surface composition changes on excited-state atom desoption

The changes in surface composition inferred from the experiments described above lead to the
interesting possibility of using excited-atom desorption as a diagnostic of changes in surface
composition in an essentially non-destructive way. In the figure below, we show a composite of
the yields of Li* as a function of temperature under white-light irradiation from the Aladdin storage
ring at the University of Wisconsin's Synchrotron Radiation Center. These data indicate tha: ere
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is an increase of excited-state yield with temperature, probably corresponding to the secondary
electron excitation of desorbed ground-state neutral atoms as the thermal desorption of these
species increases with temperature.

It should be noted, however, that the Li* yield returns to its original value when a new spot is
irradiated, even at temperatures for which the ground-state neutral yield can be shown, from
separate measurements, to be negligibly small. Evidently, the Li* yield is extremely sensitive to
surface conditions, and may therefore be used as a probe of those conditions as the mechanisms of
desorption come to be more fully understood.

416 K _ ,

32 Nw Spot

2000 ,4 8000A

Wavelength ( A

Figure 3. Composite of the desorption yield of Li* from the surface of LiF irradiated by the white
light spectrum of the Aladdin Synchrotron Light Source. Note the return to a high yield when a
new spot is irradiated, even at a relatively low surface temperature.

Laser-stimulated desorption experiments in pure materials

Up to the present time, ESD and PSD experiments have been conducted in regimes for which
the intensities of the irradiating light were During the past year, the first experiments using
excimer-pumped dye laser to do wavelength and intensity dependent measurements of these kinds
of photon-induced damage studies were begun. The geometry was the same as the standard one
used in all of our neutral species desorption experiments.

Pure crystals of KCl were irradiated both by the fundamental 308 nm light from an excimer
laser and by the 600 nm output of an excimer-pumped tunable dye laser. Excited states of K were
observed using an optical multichannel analyzer, and neutral Cl .nd K atoms were detected using a
mass spectrometer. These preliminary results were encouraging, in that they appeared to show
significant neutral species desorption yields even at intensities below the onset of significant laser
damage. At present, we are awaiting the imminent arrival of an ultrahigh vacuum chamber which
will be dedicated to this type of experiment.

-- 10--
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Work will continue in the coming year on laser-stimulated desorption from optical materials of
direct interest to the FEL materials problem under the sponsorship of the Vanderbilt Free-Electron
Laser Projer t for Biomedical and Materials Research.

Application of PSD and other studies to laser materials damage issues

The experiments described above -- as well as other work with ion- and electron-stimulated
desorption -- are showing that even low-energy electrons, photons and ions can induce significant
changes in the surface composition and electronic structure of optical materials. These changes are
particularly relevant to questions of damage to intracavity laser optics, whether in ordinary laser
cavities or in such technologically demanding applications as ring laser gyroscopes. We have
made an initial attempt to summarize the potential effects for intracavity damage in a paper prepared
for a symposium on intracavity and extracavity laser optics. (See attached list of publications.)

The fundamental point of view which suggests itself from these experiments is that irradiation
by electrons, ions, and the ultraviolet photons present in many laser cavities makes of what began
life as a wide band-gap insulator a modified material which, at least in the near-surface bulk, looks
much more like a semiconductor or metal. This implies that the laser photons will likely induce
radiation damage characteristic of plasma formation (in the case of a metallized surface) or single-
photon electron-hole pair formation (in the case of a semiconducting surface). These changes in
surface composition, in turn, help to explain how thermal and plasma damage appears to be the
final culmination of the process, since the progressive changes in the surface lead to stronger
absorption and to direct acceleration of electrons and ions in the electric field of the laser.

We believe that this understanding of the damage process has significant implications for both
fundamental and applied aspects of the laser damage question, and will pursue these issues in
future research programs.

Theoretical work on surface electronic structure

The proposal noted the current primitive state of desorption theory, and contemplated support
for theoretical efforts in this area. Collaborative efforts funded by this program have resulted in a
new set of cluster calculations of surface states in the alkali halides using the extended Huckel
formalism. The results -- displayed in one of the appended preprints -- appear to indicate the
existence of well-defined surface states which could participate in single- or multiple-photon
excitations. We intend to search for these states experimentally in future experiments using noth
the synchrotron light source and our tunable dye laser to clarify the role which these states might
play in desorption, particularly of excited-state atoms.

Another study investigated the vibrational properties of chemisorbed hydrogen on the (100)
surface of aluminum, using the effective medium theory to treat this highly reactive system.

Purchase and construction of laboratory apparatus

Under this contract, significant expenditures were made for laboratory apparatus appropriate to
the research proposed under the contract. These included a portable ultrahigh vacuum chamber
which could be used for prototyping experiments at Vanderbilt and for remote experiments at FEL
sites; the purchase of a tunable dye laser and doubler that could be used with a large excimer laser
supported by another research contract; and a number of items of experimental equipment for data
acquisition, including an optical monochromator and a multichannel analyzer. These items were all
acquired and used in various portions of the work described above.
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INTRACAVITY OPTICAL I)AMAGE DUE TO ELECTRONS, IONS AND JITRANIOLET PHOTONS
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Abstract

Many of the damage problems experienced by intracavity laser optics, particularly for discharge-pumped and electron-beam-pumped laser
systems, arise from the electronic interactions of low-energy electrons, ions and ultraviolet photons with the surface and near-surface regions
of the optical material. We shall describe results of recent experiments which display some of the electronic mechanisms involved in these
processes, through which incident electronic energy is absorbed, localized, transformed and ultimately dissipated in ways which change the
surface composition and electronic structure of model wide bandgap optical materials. We consider discuss recent experimental results on
the metallization of dielectric surfaces, the effects of adsorbed overlayers in inhibiting desorption of excited neutral atoms, and the effects of
glass processing on response to electron and ion irradiation. We also point out some of the ways in which the changes in the optical surfaces
wrought by the low-energy and low-intensity irradiation arising from the laser pumping mechanism can influence thermal, chemical and
plasma properties of the surface in ways which alter the surface response to intense laser radiation.

I. Introduction phenomena. We then present the results of recent experiments in
our laboratory which show some of the changes in surface

The low damage resistance of intracavity laser optics is the composition, structure and radiation response induced by
bane of laser designers and the primordial curse of the optical electronic transitions: metallization of the surface under low-
fabrication houses. Intracavity damage assumes a bewildering energy UV photon bombardment: suppression of excited-state
variety of forms: thermal stress cracking at the sites of optically atomic desorption channels bv the presence of adsorbed
absorbing impurities; formation of color centers and other overlayers; and process-dependent response to ion and electron
optically active mobile electronic defects; chemical attack of both irradiation of fused silica. Finally, we comment briefly on the
optical coatings and bare substrate surfaces; erosion, crazing and chemical, thermal and plasma effects facilitated by these changes,
ablation of the optical surfaces; and high-field laser-induced and on the additional complications in intracavity damage
electric discharges and electron avalanches. In many lasers, the processes one might expect to be introduced by the laser photons.
intrac :vity damage threshold is even lower than that for the
extracavity optics, forcing compromises in the laser design that
may require costly large-area optics or exotic coatings, lead to
suboptimal power system design, and increase the number of 2. Relationship between macroscopic damage and
elements (and hence the cost and complexity) in master-oscillator microscopic electronic mechanisms
power-amplifier trains. The money and effort devoted over the
years to engineering development of more reliable and damage- In thinking about the pathways through which electron, ion
resistant intracavity optics is itself the most eloquent testimonial and photon interactions ultimately lead to intracavity damage, it is
to the seriousness of the problem, useful to have a zeroth order guide to sorting out the most

relevant dynamical properties. Here it is assumed that any
From the atomic or molecular ioint of view, the most complex change which modifies the properties of the optical surface or

intracavity damage phenomenology is probably to be found in substrate sufficiently to be detrimental to laser performance is
electron-beam-excited and discharge-pumped gas lasers, where interesting. Among the phenomena of concern are: color-center
laser photons, low-energy ions, excited metastable atoms, ultra- formation at a density sufficient to increase the bulk absorption;
violet light, and electrons all contribute to the problem. The chemical attack which changes the reflectance or absorptance of
electrons, in particular, may either be primaries from an exciting the optical element sputtering, etching or erosion which removes
or controlling electron beam, or secondary electrons created either material from the surface on a scale comparable to or larger than
by electron-atom collisions or in the laser discharge. Moreover, an optical wavelength; radiation-induced segregation of atomic
even where the intracavity laser photon intensities art too low to species which changes the chemical composition of the surface;
produce non-linear effects (such as self-focusing) or damage and migration of defects or impurities, which also may change
through plasma formation, the laser photons may act syner- the surface composition and make it more vulnerable to damaging
gistically with other species to damage intracavity optical chemical, piasma and thermal interactions.
surfaces. Thus these laser systems offer a rich area for the study
of intracavity optical damage, from which it is possible to draw Table I gives a summary of the various radiation species
lessons for laser types, such as those pumped by ultraviolet which can be found in discharge- or electron-beam-pumped
flashlamps, with less complex damage problems. lasers, along with their microphysical effects. For the sake of

clarity, we point out that we use the word "sputtering" as it has
In this review, we shall largely ignore the effects of the laser historically been applied, to mean particle emission from surfaces

photons, and concentrate primarily on the electronic mechanisms caused by momentum-changing collisions, as in the classical
through which those radiation species arising in the excitation collision cascade model. 1 On the other hand, "desorption" is
cycle of discharge-pumped gas lasers can change the surface used here to mean desorption induced by electronic transitions
composition and electronic structure of model dielectric materials. (DIET), where the particle emission is caused by the chain of
We shall begin by tring to define the link between the electronic interactions described in the next section.2 This us.e
microscopic mechanisms of interest and the macroscopic damage has greater generality than such terms as "chemical sputtering
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or "electronic sputtering," 4 since both of these latter phenomena ions and atoms. The alkali halides and fused silica adduced here
re~ut from transfers of electronic energy, rather than momentum as model materials are representative of a large class of optical
transfer. dielectrics used both as substrates and as optical coatings in

which irradiation leads to the formation of self-trapped excitons
that relax to form permanent, mobile electronic defects. This

Table 1: Sources of Intracasity Damage class of optical materials includes many metallic oxides, metal
fluorides (including the alkaline earth halides), and fused silica. 5

The general features of these results can also be expected to hold
Radiation Energy Damage Effects even for nominally metallic films and substrates, which under all

realistic conditions are completely covered with an oxide overcoat

which determines the surface properties. Indeed, it is quite
UV photons 5 - 500 eV Color center formation possible that the surface overlayer -- of oxides and whatever
(Discharge plasma) Desorption other elements, such as hydrogen, that are readily bonded to the

Valence-band excitations surface -- is what really determines the often observed differencesbetween bulk and surface resistance to material modification and

X-rays 500 - 5000 eV Color center formation damage.
(E-beam Bremsstrahlung) Core-level excitations

Secondary electrons

Electrons 10 -104 eV Secondary electrons 3. Electronic Interactions of Electrons, Ions, Atoms
(Secondary or Color center formation and Photons with Solid Surfaces
discharge) Desorption

Valence-band excitations It has long been understood that thermal, chemical and
plasma damage observed on the surfaces of intracavity laser

E;octrons 10& - 105 eV Sputtering optics have their origins in electronic interactions of photons,
(from E-beams) Secondary electrons electrons and low-energy atoms, ions and molecules with the

optical surfaces -- simply because quantum mechanics teaches us
Ions 10- 500eV Sputtering that the primary interaction in this case must be electronic;

Surface Segregation thermal, chemical and plasma effects are, in a sense, the "trickle
Desorption down" effects of that primary interaction. However, the tools for
Secondary electrons isolating the atomic or molecular consequences of those electronic

interactions in detail have not been available until quite recently.
Excited atoms 0 - 50 eV Sputtering Recent studies have begun to fill in the details of an integrated

"Hot-atom" reactions picture of the damage process which suggests not only the
origins of the damage, but also hints at ways to overcome it.
This picture is providing an increasingly detailed and integrated
model within which one can account for the effects of differing
radiation species, of impurities and overlayers. and particularly of

A second set of correlations can be constructed in which the the unique role played by the surface.
microscopic changes traceable to distinctive physical mechanisms
are linked to macroscopically observable changes in optical When low-energy photons, electrons, ions or neutral atoms
properties -- such as changes in optical absorption, scatter, or interact with atoms in the surface and near-surface layers of
surface figure. These correlations are summarized in Table 2. dielectric materials, a complex response is set in motion. From

the microscopic point of view, it is convenient to characterize this
response as consisting of several stages, illustrated schematically

Table 2: Macroscopic Optical Effects of Irradiation in Figure 1 for a surface with adsorbed molecules.

Microscopic Affected Macroscopic
Radiation Effects Optical Properties by e, A

Color-center formation Bulk transmittance 11 7&

Surface segregation Surface reflectance and scatter 88 8
Surface chemical reactivity Localization 00

Defect-induced desorption Surface thermal propertiesOptical figure

Absorption
Sputtering Surface reflectance and scatter8

Surface chemical reactivity Transformation and
Optical figure Dissipation

"Hot atom" interactions Surface chemical reactivity
Optical figure

Final.state
Interactions

The experimental evidence shows that electronically induced
mobile defects play a special role in surface damage to virtually FIGURE 1. Stages in the interaction of photons, electrons
all optical materials irradiated by low-energy photons, electrons, and heavy particles with dielectric surfaces.
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During the excitation stage, which occurs on a time scale of A similar concatenation of events has been shown to operate:
femtoseconds or less, energy from an electron, heavy particle tn other desorption phenomena. For exampl5, in the pioneenn
(ion or atom), or photon is absorbed either through the transfer work of Menzel and Gomer and of Redhead,' the localization t!
of momentum or via an electronic excitation mechanism, energy on a molecule adsorbed at a metal surface may be
generally the creation of electron-hole pairs or the excitation of long-lasting enough to excite it to an antibonding orbital and lead
individual atoms or molecules. A key question is whether or not to molecular desorption. Knotek and Feibelman demonstratec
this excitation occurs in a statistical manner and is thus shared in that a localization induced by pairing of holes in maximal valencN
an equilibrium fashion with a great many surface atoms or covalent solids following interatomic Auger decay is responsible
adsorbed species. Such a statistical rearrangement of energy is for the desorption of oxygen ions from such optical materials a,
typical of physical (i.e., momentum transferring) sputtering and TiO 2. 1 3  Itoh has recently proposed 14 that laser-induced
of photon and electron irradiation of some metals, but not of desorption in semiconductor materials arises from localized holes
DIET processes, particularly in dielectrics. screened from each other by a dense, laser-excited electron-hole

plasma -- the so-called Anderson localization phenomenon.I A
In the localization phase, the incident electronic energy is Poolev-Hersh mechanism has also been demonstrated by Schmid

spatially concentrated for a time on the order of 1012 to 10 13 s and his coworkers to be responsible for efficient multiphotor
-- roughly the timescale of a vibrational period. In pure metals, laser desorption of alkalis and halogens from KCI and NaCI at
of course, this kind of localization is not possible, because intensities well below the single-shot laser damage threshold. t'
energy is dissipated from the initial absorption site by rapid In each case, absorption of electronic energy, followed b%
electronic fluctuations on a time scale of order 10-16 S. In many localization, transformation and dissipation of that electroni
dielectrics, the localization occurs because of electrostatic fields energy, precede the chemical, plasma, thermal and desorptton
which stabilize an electron-hole pair, as in the case of self-trapped effects that are the precursors of macroscopic optical dareage.
excitons.

6

Moreover, these same electronic processes are observed tc
In the third, or transformation and dissipation, stage, occur in amorphous as well as in crystalline materials, because

the absorbed incident energy is changed from an electronic the propensity to absorb and localize electronic energy in a \&a\
excitation into forms which we would generally label as which allows redistribution of that energy into desorption ot
"chemical," "kinetic" or "thermal.' The transformation from localized chemical reaction channels arises not so much fronr
electronic to kinetic energy, for example, can occur because the long-range order as from the strongly localized electronic charge
electron-hole pairs distort the crystal lattice, resulting in moton of distributions characteristic of dielectric materials. Of course, the
an atom away from its neighbors to form an interstitial or cause electronic charge distribution is spatially randomized ir
desorption. The transformation that changes electronic to thermal amorphous materials, because of the statistical variations in bonc
energy is electron-phonon coupling, which occurs on a time scale angles and bond lengths. 17 Hence, the spatial distribution of
approximately an order of magnitude slower than a vibrational electronic defects and the directions in which they can diffuse in
period ( 10l to 10 t2 s). The time scales for dissipation of the amorphous materials will not be the same as in crystalline
incident kinetic energy even in such simple materials as the alkali dielectrics. However, the electronic mechanisms that produce the
halides have been measured to be as long as tens of seconds' 7  defects will operate in much the same way, perhaps vith slightl.%

lessened efficiency.
During the final-state interaction phase, depicted in the

Figure by a surface atom and an adsorbed molecule desorbing
from the surface, particles moving near the surface may also
undergo other particle-surface electronic interactions, such as
charge exchange or de-excitation. These final-state electronic
interactions occur on the femtosecond to picosecond time scale,
and change the capacity of the desorbed species and the surface to
interact chemically with other species in the gas phase near the
surface.

One example of this kind of process was proposed 4. Experimental Arrangement for Optical
independently by Pooley and by Hersh in studies of bulk alkali Spectroscopy of Radiation-Surface Interactions
halides over two decades ago.8 This mechanism has been shown
to be responsible for the desorption of ground-state neutral alkali The key insight underlying the experimental studies
atoms from the surfaces of alkali halides under both electron and presented below is that desorption from dielectric surfaces is
ultraviolet photon irradiation,9 as well as for the neutral halogens, overwhelmingly dominated by the emission of neutral ground-
which were observed much earlier by mass-spectrometric state and excited-state atoms and molecules.9 . 18. 19 Therefore.
techniques. 10 The Pooley-Hersh model involves a specific techniques for detection of neutral atoms and molecules borro', ed
electronic excitation leading to preferential and energetic ejection from optical atomic and molecular spectroscopy are especially
of halogens along the <110> directions. The electronic energy valuable additions to the charged- particle spectroscopies typical
from an incoming photon or electron is localized initially of many other surface analysis experiments. Details of the
through the creation of a self-trapped exciton, which relaxes in a experimental method have been presented elsewhere, 20 so that

time on the order of picoseconds to form a V/ center. The Vk only the essential features of our neutral desorption spectroscopy
center, a self-trapped hole on a transient dihalide molecular ion at apparatus and techniques will be highlighted here.
the normal site of a single halogen ion, relaxes in a few
nanoseconds to form metastable pairs of H-centers (the so-called The experimental layout of the experiments is sho%%n
'crowdion" defects, consisting of singly-ionized dihalide ions on schematically in Fig. 2. The sample is mounted on a heated or
a halogen site) and F-centers (electrons occupying halogen cooled micromanipulator in an ultrahigh vacuum (UHV) system,
vacancy sites). If formed sufficiently near the surface, the decay at a nominal base pressure of a few times 10

-t torr or less. At
of the H center results in energetic desorption of a halogen along this pressure, the target surface remains free of adsorbed layers
the halogen string directions, leaving behind an F center and a for a period of an hour or more. The surface can be recleaned by
defect (halogen interstitial). The F center provides the electron heating or sputtering as necessary. Surface analysis techniques
needed for neutralization of the now under-coordinated alkali ion, routinely employed include ion-scattering spectroscopy (ISS) and
which then desorbs thermally; the rate-limiting step in the alkali detection of surface composition by analysis of neutrals from
atom desorption is F-center diffusion. I I  ionizing impact radiation (SCANIIR). 2 1
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Radiation incident on the target produces surface and bulk In the geometry shown, this experimental layout permits the
fluorescence, and desorbing atoms and molecules flying away measurement of relative yields for different particle species,
f'rom the surface toward the irradiation source, which in our desorption velocity distributions, and changes in emission
experiments was either a low-energy, high-current electron gun, characteristics as a function of sample temperature, orientation
a low-energy, mass-selected and highly collimated ion beam from and surface preparation. Accurate yield measurements for a
a Colutron electron-impact-ionization source, or the beam from particular desorbing species, on the other hand, can be made in a
the Aladdin synchrotron storage ring at the University. of Doppler-free geometry, in which the laser is injected
Wisconsin. De-excitation radiation from neutral atoms leaving perpendicular both to the incident electron or photon beam and to
the surface of the target material was detected by an optical the spectrometer line-of-sight. Desorbed ions and electrons can
system arranged to view a small volume (abou, 5x10 5 cm ) out also be measured by inserting, close to the point of electron or
in front of the target. Radiation emitted from this volume along a photon impact, an electrostatic analyzer with an exit-plane
line orthogonal to the irradiating source beam and parallel to the Channeltron detector. Neutral atoms and molecules can also be
exposed face of the sample was imaged by a lens system onto the detected in such experiments by the use of a sensitive quadrupole
entrance slit of a spectrometer-photomuldplier combination. The mass analyzer. In this way, it is possible to measure essentially
optimum volume for observing desorbing species was selected all the desorption products relevant to the dynamics.
by translating the target with respect to the spectrometer in order
to minimize the bulk luminescence signal from the sample. A sampler of the differences in electronic radiation-surface

interaction mechanisms which can be easily detected in this way
The photomultiplier output was acquired through standard is shown in Figure 3. Here are displayed the optical spectra from

CAMAC instrumentation modules or a multichannel analyzer low-energy photon, ion and electron bombardment of an LiF
(MCA) and stored for off-line analysis in a Macintosh SE single crystal target.
computer system which controlled the data acquisition via an
IEEE-488 CAMAC crate controller. The MCA was particularly
useful in obtaining time resolved data on relaxation rates.

In this experimental geometry, desorbing ground-state
neutral alkali atoms are illuminated from the rear of the sample by
the TEM 00 (fundamental Gaussian) mode from a single-
frequency. actively-stabilized tunable dye laser. Alkali atoms -z F Photons
leaving the surface, for example, undergo resonant absorption at U t (6708)
the Doppler-shifted frequency appropriate to their rest frame and ,,

radiate at the characteristic resonance transitions as they fly awayfrom the sample surface. This radiation is detected by the

spectrometer-photomuhtiplier combination and the results are LU

stored in a computer for off-line analysis. Excited-state neutral C <
alkalis, on the other hand, are detected from their charac'eristic -,
de-excitation fluorescences lines when the tunable laser is turned 2000 3000 4000 5000 6000 7000
off. Desorbing halogen species are not observed in the preseni
experimental set-up, because their resonance lines are in the VWa~elength ( A
ultraviolet. However, excited desorbing halogens should, in
principle, be observable with a uv spectrometer: ground-state
halogens could likewise be observed by using a laser ditection
technique -- such as resonant multiphoton ionization -- capable of
inducing sufficiently energetic transitions out of the ground state. oL(0

e Li 1 6 08

RADIATIN SOURE O, 2000 3000 4000 5000 6000 7000
RaDiatIoN Wa'.elength(, )1

SYSTEM - Electrons Lit
Mt ITlPLEII -.(6708)

.I

rncTt %Lit .i (61-

A RETA I Li t .I , L...,. • . ll.- I( 31

DATA ACQIIIItTOON 2000 3000 4000 5000 6000 7000

Wavelenglh ( A )1

FIGURE 2. Schematic of a radiation-surface interaction1
experiment using optical spectroscopy to detect desorbing atoms1
and molecules. FIGURE 3. Comparison of photon, ion and electron-bombardment-indYcd optical spectra on LiF.
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The variations in these three desorption spectra are The metallization of the surface is important not onl bccau-e
characteristic of the differing waNs in which energy is absorbed, it changes the themal properties of the surface, but also because
localized, transformed and dissipated for the three different irrad- it changes its electronic properties, as demonstrated in recent
iating species. By comparing desorption effects for variations in experiments on secondary electron-induced excitation of
the entrance-channel excitations, it is possible to make detailed desorbing neutral atoms in the ground state. 23 It also has been
inferences about the electronic mechanisms that are at work. demonstrated to occur for photon energies below the bulk

band-gap energy of LiF;7 hence, the surface metallization
following desorption of ground-state alkali atoms is expected to

5. Metallization of Irradiated Dielectric Surfaces by be important in pulsed laser irradiation of surfaces, and may
Ultraviolet Photon Irradiation even, in the case of excimer lasers, occur via single-photon

transitions. The work of Schmid et al. has shown that this
Early experience with optics for Nd:YAG and Nd:glass lasers mechanism is also operative in multiple-photon laser-stimulated

showed the pivotal role played by thermally absorbing platinum desorption. 16

inclusions in damaging the laser material. The platinum particles,
an artifact of the crucibles in which the laser rods and disks were We illustrate this effect with two recent experiments on PSD
being fabricated, were explosively heated by preferential absorp- of LiF. The first shows the development of a layer of metallic Li
tion of the pulsed laser light at 1.06 psm, and the sudden heating on the surface of a pure LiF crystal undergoing ultraviolet photon
led to thermal fracture of the surrounding host material. 22 While irradiation in an ultrahigh vacuum environment. The radiation
these impurity effects are certainly important in high-power laser source was the first-order light froin the Aladdin synchrotron
cavities, it is interesting that the electronic interactions of light source of the University of Wisconsin.
photons, electrons and heavy particles can create a metal-rich
layer on an optical surface even in initially pure materials. In Figure 5, we show the time evolution of the first resonance

decay of the desorbed Li' excited by light from a tunable dye
L th electron- and photon-stimulated desorption (ESD/PSD) laser in the geometry of Figure 2. Each peak in this spectrum

expe itnents show that electronically stimulated desorption of represents a scan of the Coherent 599-21 tunable dye laser lasting
ground-state neutral alkali atoms from alkali halide crystal approximately ten seconds over the first resonance line of the Li
surfaces exhibits features consistent with thermal desorption of atoms at 6767 A. At the time indicated by the arrow, the
the alkali metal atoms at a temperature equal to the surface synchrotron light was blocked, and the LiF crystal was heated
temperature: a Maxwellian distribution of velocities, a yield vs. ballisticallv by turning on the heater block of the sample holder.
bombarding energy characteristic which shows relatively few As the sample temperature increases, the yield of Li0 increases
structural features at the known locations of alkali core-level at first, as metallic Li is desorbed thermally from the surface. As
energies; and a time dependence consistent with diffusion of this surface laver of neutral Li is depleted, the laser-induced
F-centers to the surface.i" 

.
1

t
, 9 The differences between ESD fluorescence signal gradually dies away. The fact that it does not

and PSD results for ground-state alkalis probably reflect either decay completely is consistent with the long time scales for
the contrasting energy-deposition profiles or the fact that ESD F-center diffusion seen in previous experiments. 7

tends to be a one-step process where PSD can have multi- step
effects, including the production of secondarv electrons. Or the
other hand, halogens desorbed from alkali halides under
low-energy electron bombardment have suprathermal energies
and are emitted preferentially, along the halogen "strings" in the
crystal. This suggests that the formation and relaxation of V. Z,
centers is a likely' mechanism for the ejection of the halogens U
from the surface and near-surfacc layers of the bulk. The
combined effect of the halogen desorption and the F-center
migration is to make the surface alkali-rich and halogen-por.

"White" Aladdin spectrum on LiF 416 K

384
UV off

STime 3C UV on Tm

New Spot
p I III

Start heater 2000 A 5000 A 0oo'A

Wavelength ( )

FIGURE 6. Fluorescence spectra showing desorbed Li* as
a function of temperature. The temperature was decreasing as a
function of time. The final spectrum is taken at a previo.%)

0 2 4 6 unirradiated spot on the LUF single-cstal target.

Elapsed Time (min)

FIGURE 5. Fluorescence signalfrom Li0 desorbed by the
"white" ultraviolet photon spectrum from the Aladdin
synchrotron light source.
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A similar hysteresis effect resulting from thenial cycling is a superposition of separately identifiable bands tens of nano-
shown in the desorption of Li', the second most numerous meters wide, arises from the decay of electrons excited into the
product of electronically-induced desorption in alkali halides. In conduction band to lower-lying defect states ("trap states") whose
Fig. 6, we show a composite photon-stimulated desorption energies lie within the bulk band gap. The bulk luminescence is
(PSD) spectrum of the yields of Li* as a function of temperature relatively structureless, and varies only a little from one material
under white-light irradiation from the Aladdi, storage ring to another. Its amplitude is, however, a stro-g functior of the
University of Wisconsin Synchrotron Radiation Center. These sample preparation; it can be considerably reduced, for instance,
data indicate an increase of yield with temperature, although the by heating. 26
rate of increase appears to be less than that observed for th
ground-state yield. Curiously, a similar measurement of Na
desorbed by photon irradiation from NaCI shows precisely the 1
opposite behavior.24  

540 A photons on KCI at 20 C

The resolution of this apparently contradictory behavior may
lie in the fact that the data of Figure 6 were obtained at incident
photon flux levels significantly (perhaps a factor of 100) in .
excess of those available for the measurements of Ref. 24. In the , He-Ne laser
foremost spectrum in Fig. 6, it is apparent that the yield returns to
its former value when a new spot is irradiated. Since the
near-surface bulk luminescence retains its general shape and yield _
for all the spectra, we can infer that the absorption of the incident .-
energy in the near-surface bulk is not much affected by surface "'
radiation damage; what is changed is the surface, which is known ad
to be the source of the excited Li atoms. Thus it is likely that the
surface damage to the LiF was more extensive than earlier NaCI
results -- with an attendant change in the temperature dependence
of the excited alkali atom desorption. oI-

Incidentally, these measurements also suggest that studies of L6
excited-neutral species may be a sensitive probe of surface I I I I I I
composition and electronic structure once the mechanisms of 2000 4000 6000 8000
desorption are well understood. Since most typical surface Wavelength (A)
analytical tools, such as low-energy electron diffraction (LEED)
and secondary ion mass spectrometry (SIMS), damage dielectric FIGURE 7. Spectrum of CN- vibrational band radiation
substrates even during the analytical process, the great sensitivity observed under photon bombardment of KCI. The fundamental
of the optical techniques employed here may yield significant band is in the ultravilet; the second-order spectrum oft/e grating
advantages, appears in the visible. Note tire He-Ne laser line for calibration

One feature of the spectrum which does change from material
to material is a molecular band system in the ultraviolet, shown in
Fig. 7. This striking radiation signature has been observed in a

7. Changes in Radiation-Surface Interaction Effects number of experiments with electron, ion, and photon bombard-
from Adsorbed Surface Layers ment of alkali halides,18. 25 including, most recently, excitation

by the white-hght spectrum of the Aladdin synchrotron lightsource. 27 The spacing of the bands in this system is approx
Surface overlaVers play a critical role in desorption and othcr imately 0.25 e%', which is characteristic of the most strongIv

radiation effects at surfaces, whether the layers are artifacts of bound diatonic molecules and molecular ions, such as H.- CO,
surface preparation, are deliberately introduced, or are created by CN- and NO*.
diffusion from the subsurface bulk. These overTlavers can
saturate dangling bonds influence surface composition and
chemistry, modify surface geometric or electronic structure, and The most frequently nominated candidate for the source of
provide a non-vacuum interface which getters defects and the radiation has been CN-, because it is a pseudo-halide, 28 has
impurities from the bulk. In the experiments described below, a size consistent with the CI" ion in a normal alkali halide lattice,
we have observed that surface overlayers may, when irradiated, and because the bands match expectations for the A(3fl) --X(I1)
form molecular states not accessible either in gas phase or bulk transition in CN. (The long lifetime of the transition argues in
solids, thus opening new channels of chemical activity not favor of its being emission from the lowest triplet state to a
predictable from three-dimensional experience. Moreover, these singlet ground-state; however, arguments can be adduced in
overlayers exhibit a dynamical response to incident electronic favor of either a 31 or a 3 _ initial state in this case. A definitive
energy which differs from bulk or gas-phase responses, thus identification of the upper level would require determination of
providing an energy reservoir or alternate decay channel for the the symmetry of the excited state.) However, some experimental
inciJent energy. As indicated particularly by experiments in observations -- notably, the growth in intensity of the bands as
hydrogen adsorption, this may allow the overlayer to inhibit the sample is dosed with water vapor 26 -- are not consistent with
desorption of certain species, perhaps even to act as a protective a simple picture of CN" substitutional impurities. Moreover, it
layer, for the substrate. remains unclear whether the bands originate from species in or

near the surface, and whether or not the sources of the radiation
In a number of experiments going back a decade or more, it are localized; previously there has been speculation tit ,,, CN

has been found that low-energy electrons, heavy particles (atoms might be bound at the surface as a hindered rotor. Also, the
or ions) and photons incident on a number of alkali halide threshhold energy required to initiate the radiation is exceptionally
surfaces produce two distinguishable optical signals: a broad- low: synchrotron radiation experiments show that the CN
band bulk luminescence, and line radiation from excited atomic radiation can be excited with ultraviolet photons as low as 7 eV.
and molecular species originating both in the nominal substrate
surface and in the overlayer. The bulk luminescence signal,
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Time-resolved measurements of this radiation have revealed a The notion of a reservoir of surface Cietuoni, states which
number of interesting properties relating to the role of the preferentially absorb incident electronic energy is clearly an
molecular luminescence in the dynamics of desorption from the interesting one, especially if the energy is released -harmlessly'
underlying substrate. This is illustrated in Fig. 8, where the through radiatiave transitions instead of through desorption. We
behavior of the bulk fluorescence is contrasted with that of the have found that the physisorption of hydrogen on KC! i,
CN-. The KCI sample was irradiated with a pulsed electron correlated with the disappearance of excited-state potassium
beam at low energy (200 eV), while the output of the atoms desorbed from the clean KCI surface at room temperature,
spectrometer detecting the radiation was fed into a multichannel as shown in Fig. 9; the potassium doublet at 766-770 nm
analyzer. The bulk fluorescence turns on and off synchronously disappears from the spectrum with the addition of a partial
with the electron pulse (to within the 10-ps time resolution of the pressure of H, amouating to only 2 • 10-8 torr. (The small size
multichannel anlyzer), while the CN radiation is astonishingly of the K° peak"results from the relatively inefficient desorption of
long-lived, with a lifetime of - 80 ms. This means that the ground-state neutrals from the surface at this temperature, as in
incident electronic energy is "stored" as it strikes the surface, then Fig. 4. The surface was maintained at room temperature in order
released for a long period of time after the radiation source is to prevent thermal desorption of the weakly adsorbed layer of
turned off, probably because the upper state in the radiative decay hydrogen.) This shows that hydrogen has inhibited the
sequence is fomied through a forbidden triplet-singlet transition, otherwise efficient electron-stimulated desorption of excited

potassium atoms from the substrate, and thus effectively closed a
particular electronic mechanism for energy absorption.

tiF.r.ntransformation and dissipdtiui, Viztsumably through :he alteration
Sof the surface electronic structure.

C,.

t 0 jOH OHX 2

0 1.024 2.040
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FIGURE 8. Trne dependcnc of the'fla,,rcscci. ass',iated
i th tc CN- baeds (solid curvt' i a rut wiith the huk.flu rt' s ccc
('r oss.-hatched curies). 2000 A 5000 A 8000 A

There is evidence that the presence of these bands is WAV'ELENGTI!
correlated with the absence of excited-state radiation from
substrate atoms -- thus showing that the CN- radiation acts as a FIGURE 9. Fluorescence yield from atoms and molecule
kind of reservoir for the incident electronic energy, competing desorhed b% clectron homhardmnt from KCI for a clean surface
with excited-state desorption for the available enct,'. Whether (fore.round spectrum) and for a sur-ace dosed Aith hidr,,'c,:
or not this indicates the presence of a "protectiee overlayer." TheK hnie disappears in tie iydrcgen-dioin' rneaSurCmtlt
barring surface erosion througLh desorption of ground-state
neutrals as wkell, remains to be established.

Whether or not the hydrogen might be functioning as a kind
In excitation functions looking at the CN- radiation as a of "protective barrier" against macroscopic erosion can only be

function of ultraviolet photon energy, 27 there is a sharp and very conjectured for now, since simultaneous measurements of the
intense peak at 7 eV in addition to a broad emission band (with desorbing ground-state potassium atoms -- which should be b%
significant superimposed fine structure) which develops at far the more numerous species -- have not yet been undertaken
synchrotron photon energies above 12 eV. The 7 eV peak is a In any case, other measurements made with hydrogen on KCI
barely resolved doublet, and matches the position of a transition indicate that the physisorbed hydrogen dissociates to form stron ,
known from molecular computations. However, this particular surface bonds, and this "chemical" interaction has a strong eltcct
transition cannot be studied in gas phase, because it is above the on the electronic channels available for electron-induced
autoionization limit; it is also impossible to see the transition in desorption. 29

the bulk, because electron-phonon coupling to the crystal lattice
quenches the excitation before a radiative transition occurs. From Both of these examples illustrate the importance of surface
the fundamental scientific point of view, this result is intriguing overlayers not only in influencing surface chemistry, but also in
because it suggest the possibility for a kind of two-dimensional controlling the flow of energy deposited by electrons, ions and
matrix isolation spectroscopy, in which the binding energy photons in the surface and near-surface bulk regions of
effects of the surface are just sufficient to depress (othewise dielectrics. The CN- radiation, for example, appears to be a
unobservable) high-lying excited states below the conduction result of a mechanism for storing incident energy for long periods
band. From the point of view of intracavity optical damage, it of time and then releasing it through non-desorptive channels. In
means that there are also surface states of adsorbates ditfenng contrast to the bulk luminescence, the incoming energy appears to
from those found in the gas phase which may have significant be localized on a particular molecular species. and to be
effects on surface chemistry, either because of providing new exceedingly long-lived (on the time scale of typical molecular
energy states or storing the icident photon or electron energy for excitation lifetimes) -- but the initial excitation does not give rise
periods of time long enough for chemical reactions to occur to the localized distortion of the surface lattice that could produce
which might otherwise be forbidden, desorption.
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7. Procvss-dependent Response of Fused Silicas to In these studies, as in electron- and ion-bombardment studies

Low-Energy Electron and Ion Bombardment of the alkali halides, we have observed two principal generic
features in the optical spectra from the near-surface regions of

Fused silica is to glasses what the alkali halides are to wide ion- and electron-irradiated silicas: atomic emission lines from
bandgap dielectric solids: a much-studied model material which desorbing species, and bulk luminescence. In general, the
can be prepared with some reproducibility. Wide variations in former are indicative of damage through desorption [surface
damage thresholds reported in the literature for various fused erosion] processes, while the latter result from radiative decay of
silicas suggest that process chemistry may have a significant electronic excitations stemming from electron-hole pair
inpact on the response of the material to low-energy ionizing production, exciton formation, and so on. Thus the two
radiation. In the experiments summarized here, we used optical processes can be studied ;,-, ascertain the relative efficiency of
techniques to characterize two particular radiation damage effects competing energy-absorptio, and -dissipation mechanisms in the
-- atomic desorption and radiation-induced luminescence -- irradiated materials, to look for changes in the damage
occunng in damaged regions within 2(1 nm of irradiated surfaces. mechanisms, and to make spectroscopic identifications of the
The correlation between damage phenomenology and OH content electronic states involved.
suggests that electronic damage processes can be strongly
influenced by surprisingly small impurity concentrations. In one set of experiments, we compared the near-surface

damage susceptibility of the four silica samples by bombarding
In our experiments, an electron or ion beam (see Figure 2) them with argon, nitrogen and hydrogen ions while monitoring

was incident along the surface normal of clean, optically the optical emissions from excited atoms ejected from the surface
transparent silica samples maintained under ultrahigh vacuum and near surface region. These optical emissions typically
(nomin,, base pressure 10-9 Tort) at room temperature. consist of broad maxima, identified with the bulk luminescence.
Fluorescence decay signals from the desorbing ground-state and punctuated by sharp peaks corresponding to characteristic
excited-state atomn; were dC!ected by a spectrometer and emission lines of excited atoms leaving the surface region. The
photomultiplier. W;,,rc he focal volume intersected the sample wavelength scale of the spectrometer was calibrated from Hg
surface, luminescent emission from the irradiated volume was emission lines.The relative yields of substrate and impurity atoms
detected. The normal beam current of I pA corresponds to a flux are obtained by integration of the emission lines; Figures 10 and
of about 5 x 10 t3 particles/cm 2 - about 0.01 ions/surface site/s. 11 show spectra from the four glasses bombarded by Ar + ions at
with a beam cross-sectional area of approximately 0.13 cm 2. No an incident energy of 9 keV. Comparison of the total optical
special precautions were taken against sample charging; however, yields going into bulk fluorescence vis d vis emission lines are
the intensity of the bulk luminescence remained essentially one possible indicator of the total energy diverted into
constant over a period of to hours, indicating negligible Coul- non-desorptive channels.
omb repulsion on the incoming ions from charge accumulation in
the samples. This lack of charring is indeed puzzling; it appears
that the electric field induced hv the deposited ions must reach * . ' -.
equilibrium within a shori time atter the start of irradiaton.

Four different kind. of hich-purit, silica glasses have been
tused !. model niterial,, in our radiation-damage studies"
Spectrosil, Spectro,,!-\\J-. Suprasil- I and Suprasil W-1. These
glasses can be co.:,enientl, ctegorized into tsso subgroups
based on nethod of -repar.i: and principal impunty content. 1 ,

Table 3. S.nthelic Silica Characteiistis A • . .

Sample Preparation Of1 (ppm) CI (ppm;
Material ((lass "Ipe) -.

specrosil Flame hdrolysis 200) 50 'A

Suprasil- I (Type lIIh 1200 130-180

Spectrosil WF Pl.isma-CVD < 2 180
Suprasil-Wi (Type IV) < 5 230-280 FIGURE 10. Opical fluorescence yields (in counts-s- 1 ) as a

function of wavelength for Suprasil (top of figure) and for
Suprasil-IWI (bottom offigure) bombarded by 9-keV Ar ions at a

Optically polished silica discs approximately 30 mm in current density of 9xl0 6 A-cm 2 . Some of the excited Si
diameter and 1 mm thick, were supplied by Thermal American emission lines are identified.
Fused Quartz Company. The disks may have had a residual
modified surface layer from the polizhing prt ess which has been Inspection of tl-c figure will show that the total yields are
reported to affect various surface properties,% Our samples were about an order of magnitude larger for the irradiated Suprasil 1.
cut to shape with a diamond blade, chemically cleaned by Of perhaps greater interest is the fact that relatively more yield is
acetone, methanol and deionized water, etched in hydrofluoric in the line radiation compared to the bulk fluorescence for the ion-
acid, and then washed again in deionized water and air dryed. bombarded Suprasil WI. Another clear signature of electronic
Samples were subsequently handled with clean tweezers. This processes at work is the enormous variation in the shape of the
cleaning procedure appears to yield a reproducible surface with bulk fluorescence spectrum in the two cases; since the lumines-
minimum contamination. A single HF etch removes about 150 A cence is believed to come from de-excitation of shallow traps in
of the surface; of course, the ion bombardment in the experiment the glass, this variation is an indication that the reduced OH
provides continuous sputter cleaning of the irradiated area. content in the Suprasil W I has a huge impact on the formation

and de-excitation of those trap states.
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WAVELFNGTH (A)

.k.:' A,.,, ... FIGURE 12. Fluorescence spectrum (counts.s "1) observed
iv 0. ,for a Spectrosil sample irradiated by 320-eV electrons at normal

, !incidence.

For the electron-irradiated samples, we measured the
temporal decay time t of the different fluorescence bands by

S,,setting the spectrometer to the center of one band, chopping the, ,. ,,M.( , .,,electron beam, and monitoring, with a multichannel analyzer
connected to the photo-multiplier of the spectrometer, the decay

- of the luminescence signal after the electron beam was turned off.
Figure 13 shows the lifetime measurements for the 290 nm and
450 nm bands; r (450 nm) = 20 ms, while T (290) < 10 pts, this
being the lower limit of the dwell time for the multichannel

FIGURE 11. Optical fluorescence yields (in counts-s " ) as a analyzer. Measured decay times for the fluorescence signals at
function of wavelength for Spectrosil (top of figure) and 560 and 640 nm were likewise less than 10 as.
Spectrosil-WF (bottom of [gure) Pombarded by 9-keV Ar ions at
a current density of 9x10 kA-cm--. 400*

In the case of Ar+ irradiated Spectrosil and Spectrosil-WF,
the overall difference in yields betvcen the OH-rich and OH-poor
silicas is only about a factor of 3, and the change in the shape of
the bulk fluorescence is less pronounced. Iowever. the Si and
other line radiation is ]early more prominent, relative to the bulk
fluorescence amplitude, for the irradiated Spectrosil-WF. The
collision-cascade model of heavy-;particle sputtering -- which
should be valid for incident panicles in this energy range -- offers . ,
no explanation for such dramatic changes from one glass sample T Ir-.

to another where the only difference in the glasses is the impurity
concentrations. Such effects cry out instead for an interpretation
based on electronic bond-breaking mechanisms.-'

A critical point here is that the excited silicon atoms ma ' not
be the dominant desorbing species In experiments involving
alkali halides which exhibit a generically similar desorption
mechanism, the dominant desorption channel involves ground
state neutral atoms and molecules. 19 Nevertheless, excited state
neutral desorption is generally correlated with the desorption of _
ground state neutrals, and their appearance in the spectrum ..
signals the onset of at least one formn of surface damage, which T, ,
typically has an efficiency of a few per cent in alkali halides. FIGURE 13. Fluorescence decay' signals plotted as a

function of time for beam-off-beam-on measurements of electron-To compare the radiation damage induced by a combination irradiated Spectrosil. The upper spectrn, with a decay time. on
of collision cascade and electronic transitions with desorption the order of 20 ms, is measured at 450 nm (see Fig. 12). while
attributable purely to electronic mechanisms, we also bombarded the lower curve is the fluorescence decay of the 290 nm hand
the surfaces of the Spectrosil (S) and Spectrosil-WF (SWF)
samples by low-energy electrons. Figure 12 shows a typical To correlate the optical observations with the large body of
spectrum of SWF sample irradiated by 320 eV electrons at previous work identifying point electronic defects induced by ion
normal incidence, using the same experimental arrangement and electron irradiation, electron paramagnetic resonance (EPR)
described for the ion bombardment experiments. The electron measurements were carried out on irradiated samples at X band
current was maintained at approximately 1.0 4A/cm 2 on both frequencies, using an IBM-Bruker spectrometer. The EPR
samples. Four luminescence bands, located near 290 nm, 450 spectrum of the irradiated samples shows a characteristic peak for
rim, 560 nm and 640 nm, appear during the electron irradiation of the E,' center (a singly-charged oxygen vacancy in the glass
both S and SWF at room temperature. The integrated intensity of network), but with a lineshape broadened by defect-defect or
the 450 nm (2.7 eV) bulk luminescence band on S (see Figure dipole-dipole interactions.33 The measured signal strength for
12) was invariably smaller than that from SWF. An important the E' center implies large densities even for low ion and electron
spectral feature from the ion experiments was conspicuous by its energies; near the surface, this defect is likely to produce under-
absence here: in most cases, we observed no sharp emission lines coordinated Si atoms in much the same way that Pooley- Hersh
from desorbing excited atoms or ions for either of these silicas.32  desorption of halogens via the focused collision sequence leads to

undercoordinated surface alkali atoms in irradiated alkali halides.
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H. Thermal, Chemical and Plasma Effects on by electronic mechanisms leading to changes in the surface
Intracavity Optical Surfaces chemical properties or the creation of new molecular species

which cannot exist in the bulk or gas phase. The defect-induced
The expennients described in the preceding sections indicate desorption processes which modify the thermal properties of the

that even low-energy electrons, photons and ions can induce surface also change its chemical properties. Thus, in the laser
significant changes in the surface composition and electronic envirenment typical of many gas lasers, especially excimers with
structure of optical materials typical of those employed in laser their mixtures of fluorine, noble-gas ions and residual oxygen,
cavities. In fact, for intracavity optical elements in gas lasers, the this change makes the surfaces more prone to chemical attack. In
energies of these irradiating species are such that the primary addition, the diffusion of electronic defects such as F-centers to
energy deposition occurs in a thin layer (less than 30 - 50 nm) the surface -- which in pure alkali halides is apparently the
near the surface, and hence a significant coupling to the surface rate-limiting step in electron- and photon- stimulated desorption
atomic or molecular layers. These compositional and structural of neutral alkali atomsi I _- can also lead to recombination
changes, whether induced by momentum-changing collisions or reactions with surface adsorbates. 38

electronic transitions, change the thermal, optical and chemical
properties of intracavity optical surfaces. When laser photons Plasma effects in intracavity optical damage occur primarily
are combined with intracavity radiation species, there are as a result of or in connection with laser photons. In one sense,
significant additional effects, some linear and some probably of course, laser photons are no different than other photons in
noniinear or even synergistic. We now consider in a qualitative their electronic interactions with surfaces. When a laser photon
way some of the consequences for intracavity damage processes. interacts with a surface or near-surface atom, the same generic

kinds of energy absorption, localization, transformation and
In alkali halides, surface irradiation leads to ejection of the dissipation occur in all optical materials. But significant effects

halogen component and subsequent enrichment of the metallic arise from the enormous photon fluxes typical of lasers in
component at the surface. This metal!ization of the surtace. general and high-power pulsed lasers in particular, and from the
which apparently occurs in many dielectrics and proceeds via the temporal coherence and spectral purity inherent in the laser.
creation of mobile, permanent electronic defects, modifies both These unique features of laser light have both physical and
the thermal and optical properties. Alkali ions at the surface of an chemical consequences, particularly when combined with the
alkali halide undergoing electron or photon bombardment, for effects of the low-intensity but longer-lasting irradiation from
example, are replaced by neutral alkali atoms unless the tempera- intracavity electrons, photons, ions or atoms.
ture is high enough to produce thermal desorption. Because the
atoms are more likely to be bound to each other by weak Van der The physics of surface damage with laser photons depends
Waals forces than to ionic partners in the lattice, it is quite likel> strongly on whether or not one is dealing with a nearly metallic, a
that there is some "islanding" of metal on the surface, leading to semiconducting. or dielectric surface. In the case of a metal, a
changes in thermal conductivity of the surface layers and to single monolaver of metal atoms -- say. Li atoms on the surtace
changes in the surface absorption spectrum. In fused silica, on of LiF -- has an areal density of about 10 15 atoms-cr -
the other hand, the measured increases in the E' center concen- Suppose now that one has a pulsed laser with an intraca:'its'
tration suggest a loss of oxygen in the near-surface material and a irradiance of order 10" W-cm- not a particularly impressi'.e
consequent enrichment in silicon. As in the case of the alkali intensity. Treating the laser as a plane wave, one finds that th i
halides, these changes inevitably lead to modifications of surfae irradiance is accompanied by an electric field of some 2 kV-cm "

optical absorption and of surface thet-mal conductivity, quite adequate to impart significant energies to the free electron\
in the metallic monolayer and produce significant electronThus intracavity irradiation by electrons, ultra-violet photons damage, including desorption. In the case of the semi-conductor,

and heavy particles process makes of what initially had been a the deposition of a few hundred mJ-cm "2 of visible light has bcen
good optical dielectric a modified material which, at least in the calculated to produce a carner-concentration of order I0"-  cm-- in
surface presented to future irradiation, more nearly resembles a the absorption depth of Si,4 I and the electron-phonon collision
semiconductor or even a metal. This implies, in particular, that rate is high enough to achieve rapid thermalization to the lattice
radiation damag,e by. laser photons will more likely proceed either For a dielectric, on the other hand, the deposition of the laser
through the formation of electron-hole pairs (in the case of a light may create a dense electron-hole plasma where the screening
semi-conductor-like surface), or through the excitation and lengths are sufficient to allow the so-called "Anderson
acceleration of free electrons and ions by intense laser fields, localization" to occur, allowing electronic energy to be localized

long enough to cause desorption and damage by yet another
Of what consequence is the netidlization? Calculations have mechanism. 14. 1 S In all of these cases, the laser-induced damage

shown that even a monolayer of alkali atoms is ,fficient to create is based on some catastrophic breakdown in the integrity of the
most of the essential features of the metallic state, including an material, this time one which is caused by radiation-induced
appropriate band structure. 34 Thus we may expect that the changes in the material rather than by deficiencies in tlcm
thermal properties of the irradiated surface quickly cease to manufacturing process.4 2

resemble the bulk material and rapidly begin to assume the
characteristics of the metal. It has long been suspected, and In a recent review of lasers in materials processing -- an
recent work in laser-induced optical damage has confirmed, that environment similar in many rewects to that found in laser
the thermodynamic properties of thin films are an important cavities -- Osgood has pointed out that lasers play a number of
diagnostic for susceptibility to damage. 35 Also, recent work on different roles in the chemistry at interfaces: because of their
pulsed laser damage in metals suggests that a variety of spectral purity laser photons have a high degree of specificity in
mechanisms, such as has been called "hydrodynamic sputtering," the chemical reactions they can induce; particularly, in the light of
operate for lasers incident on metals but not on their oxides. 36  pulsed-laser multiphoton excitation, lasers are excellent catalyzers

of excited-atom-surface reactions; and laser-induced chemical
Chemical effects which would be observable at radiation- reactions may proceed at substantially higher rates than nominally

damaged surfaces include reactive etching -- a synergistic effect identical reactions on undifferentiated, "planar" surfaces under
which occurs when reactive ions are present with electrons or conventional conditions. The degree of chemical reactivity and
photons 7; laser-induced surface chemistry, including laser- specificity are also dependent on the laser intensity in a way
induced or laser-enhanced adsorption, catalysis and etching18 , 9. which is still not well understood. Further progress in this area
"hot atom" chemistry which uses the kinetic energy of slow almost certainly depends on continued microscopic physical and
atoms and ions to get over Langmuir-Hinahelwod barriers that chemical studies that will elucidate specific mechanisms and pin
inhibit certain kinds of chemical reactions 4 ; and modification of down reaction rates.
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The usc of optical techniques to stud-, the dsnaiinics of neutral alkali emission from alkali halides in electron- and phioion-stliiiri-
lated desorptioin ( ESD, PSP) ha, produced signifi-in I nes' insights into the wass in '.xhich incident electronic eriergN s, conw ried
otto kinctic encrg% orf dcsorbin5 neutral atoiio In tlis paper. %ke show that the threshold for efficient 'SI) of Li from LiF lire heY"
the hand-gap eiergs., lov~er than those obtained from earlier ESI) threshold measurements on NaC. Timie-resoixed nicasurcintenis ol
ground-state and excited-state Li desorpion fioin LiF uinder both electron and photon irradiation exhibit a clear distinction beeie
the spatial and phssrcal Origins of these tss o des orpiion products The data suggest a possible identifica',ion of ecit~ed-staiv rneutral
desorption %kith surface-pecific proccess on the oitiet hand, a defect-diffusion model for ground-state desorption is more consrsteit
'sith lile daita than are earlier thermal drift miodels %ke also) discuss bnefl'. the implications of this tkork for technological probleit, a,
diserse as high-posser laser optical dilttae aind ilie pIloducioit of intense lithtiumitotn beaiu, for fiiioni appliiatoirs

1. Introduction and niotiialion measurements - primarily. in LiF which hiase outlined
in startlinp relief certain previously undiscovered fea-

Recent experiments in electron- and plroion-stilniu- tures of the desorpti on process, These mcasurcnients
lated desorption (ESI),PSD) on pure alkali halide have shown that ground-stale and excited-state neutral
cr5 stl have confirmed early conjectures (1,21 vf the yields dominate both ion and electron yields by orders
dominant role played by self-trapped exeitons and the of magnitude at electron and photon energies in thre
migration of permanent defects to thre surface in elec- vicinity of the first core exciton peak. I-losceci.
tronicallh stimulated desorption of ground-state neutral threshold measurements have shown that the onsets for
alkalis 13.41. However, the wealth of detailed dvna-ical efficient neutral alkali desorption occuir at %er-s loss
information in these new experiments, has also revealed photon and electron energies, quite possibly within reacht
a rich phenomcnologv. with a correspondingly greater even of tunable lasers. This opens the Awa,. not only to
opportunity to separate ESO/PSO miechanisms belong- new techniques for studying particularly the resonant
ing tot v.an ous entrance and exit channels in desorption excitation of certain modes, but also has significant
induced by electronic transitions (DIET). In particular. implications for radiation damage effects in the wide-
careful study of the mechanism(s) for ESI) and PSI) of hand-gap dielectrics typical of optical materials for
excited-state alkali atomns now seems to differentiate short-wavelength, high-power laser systems.
quite clearly between surface and near- surface-hulk The time-dependent measurements, on the othecr
processes hand, have shown a dramatic difference in the he-

We have recently completed a series of ESD,/IPSD haviour of the ESD)/PSD yield., of ground-state andl
excited-state alkali neutrals as a function of time folloss -

1 Rescaidi performted at 'Vanderibilt t~jnisersitN was partiAl ing irradiation. The experimental data have also proven
siipli-fwci h\s the Sanidia Naiwnil l.aboratorics under Con to he stringent tests for model calculation of defcci
tra~ t (-.5 2377 Plortions of the ssork reported here wkere alodiffusion from the near-surface bulk following irradia-
perforined at the Sandia Nationail Iaboraioriics ss(ich is tion. In particular, it has been possible to correctls,
sipporreit h% the UJS lDepartitrnt of rineig% tinder ('on- describe within this model the effects, of the differing
trat' Niiihcr t)(i-A('4-7(,I)PtXt7K9 energy-deposition proiles of electrons and photons oin
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ground-state neutral alkal d,,rptioi Vhc , time-dc- sian) mode from a single-frequencs,, acti, el.cstahiliLcd

pendent measurements ha~c significant Implications for tunable dye laser. Alkali atoms leasing the surface
the production of intense Li ion,, beams for particle- undergo resonant absorption at the Doppler-shifted
beam fusion systems, as we shall discuss briefly in frequency appropriate to their rest frame and radiate at

section 5 below, the characteristic first resonance transition (3 p to 2s) as
they fly away from the sample surface, This radiation is

detected by the spectrometer-photomultiplier combina-
2. Experimental layout and procedures tion and the results are stored in a PDP-11/73 com-

puter for off-line analysis. Excited-state neutral alkalis
Details of the experimental method have been pre- (M*), on the other hand, are detected from their char-

sented elsewhere [5], so that only the essential features acteristic deexcitation fluorescences lines when the
of our neutral desorption spectroscopy apparatus and tunable laser is turned off. Desorbing halogen species
technique will be highlighted here. The layout of the (X , X*, X') are not observed in the present experi-
ESD/PSD experiments is shown schematically in fig. 1. mental setup.
The sample - a cleaved, single-crystal alkali halide - In the geometry shown, this experimental layout
was mounted on a heated precision micromanipulator permits the measurement of comparative yields for dif-
in an ultrahigh vacuum (UHV) system, at a nominal ferent particle specie<, desorption velocity distributions,
base pressure of 3-4 x 10 "' Torr Radiation incident and changes in emission characteristics as a function of
on the target produces desorption products emerging sample temperature, orientation and surface prepara-
toward the irradiation source, which in our experiments tion. Accurate yield measurements for a particular de-
was either a low-energy, high-current electron gun or sorbing species, on the other hand, can be made in a
the beam from t' c Tantalus synchrotron storage ring at Doppler-free geometry, in which the laser is injected
the University of Wisconsin. Deexcitation radiation perpendicular both to the incident electron or photon
from neutral atoms leaving the surface of the target beam and :o the spectrometer line-of-sight. Desorbed
material was detected by an optical system arranged to ions and electrons can also be measured by inserting,
view a small volume (about 5 x 10 cm') out in front close to the point of electron or photon impact, an
of the target. Radiation emitted from this volume along electrostatic analyzer with an exit-plane Channeltron
a line orthogonal to the irradiating source beam and detector. In this way, it is possible to measure essen-
parallel to the exposed face of the sample -,%as imaged tially all the desorption products of interest and to
by a lens system onto the entrance slit of a spectrome- ascertain their relative importance in the dynamics of
ter-photomultiplier combination. The optimum obser- DIET processes.
vation volume was selected by manipulating the target
to minimize background from the bulk luminescence of
the sample. 3. ESD/PSD threshold measurements in alkali halides

In this experimental geometry, desorbing ground-
state neutral alkali atoms (M ° ) are illuminated from the As Townsend pointed out in his pioneering papers
rear of the sample by the TEI,, (fundamental (jaus- on ESD from alkali halides [1]. if the creation of a

H .I I I [i \50

40 04

I : : < - ' ESD of Na° from NaCI
RAI)I\TI)N R(T V VI aI(I N \ I I)

1 , R .SLR PHI )1I o%., ,R 1)% ("

... 11 /11(1%

U

SIt H ill

IIfR IKMI
0

MNV WM0 40 80

ELECTRON ENERGY (oV)

Fig t. Schematic of electron- and photon-swioinlmid l,&,orp - ig 2 Desorption yield as a function of energ, for ground-statc

tion experiments using optical spectroscopv to ideni, dcsorb- (Na") sodium atoms desorbed from a single-crystal (l()) NaC1
ing neutral ground- and excited-stale alkali atoms *surface
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10 We have recentN Ineasured the thresholds for ESI)

Es of No'. ,o, N c of Na' and Na* from NaCI, and for PSD of Li" from
o LiF and found them indeed to be )-ery lok in energ_,
-The low-energy electron gun (0-100 eV) used for the
0 threshold measurements produced several microam-

peres of current even at the lowest measured energies

5 while maintaining a reasonably focused beam- Target
charging problems were avoided in these measurements

Zbecause they were made at temperatures high enough
Uboth to thermal)y desorb neutrals and to produce ther-

0 mionic emission of excess electrons.
The threshold measurements made on NaCI are il-

I lustrated in figs. 2 and 3, It is clear from both figures
0 40 so that the onset of signififcant neutral desorption is cer-

ELECTRONENERGY (') tainly not more than 10-15 eV for both ground-state

Fig 3 Desorption yield as a function of energy for excited-state neutrals and for excited-state atoms. The curves in both
sodium (Na*) desorbing from a single-crystal (100) NaC cases are relatively featureless, although the desorption

surface yield for Na* does show some minor structure at en-
ergies corresponding to the Na core-hole excitation
energies. As pointed out in ref. [3], this is apparently a
quite general property of DIET processes in the alkali

self-trapped cxciton is the first step in electronically halides, arising from the relatively low mobility of de-
stimulated desorption, one needs only the energy re- fects produced by core excitations compared to those
quired to create the exciton on the dihalide molecule arising from valence band holes.
(X, )* to initiate the process. However, nearly all mea- The PSD threshold measurements of desorbing Li"
surements of the stimulated desorption process to date from LiF were made with filters to ascertain the relative
have relied on electrons or photons of significantly yields in different regions of the incident UV photon
higher energies than the few electron volts mandated by spectrum. As shown in the bar graph representation in
this requirement. Moreover, until the development of fig. 4, the three spectral bins were from 0 to 13.3 eV
the sensitive optical techniques necessary for tracking (LiF filter), from 20 to 90 eV (Al filter), and from 0 to
neutral desorption, it was not necessarily easy to look 200 eV (full zeroth order spectrum transmitted through
for the onset of desorption yields, the toroidal grating monochromator (TGM) used in this

set of measurements). The relative yields shown in fig. 4
for the A and LiF filters were calibrated by the con-
volution of the raw yield with a trapezoidai-rule integra-
tion of the measured spectral response of a gold photo-
diode to the light transmitted through of the TGM [6].. VE. There is some uncertainty about the upper-end cutoff
of photon energies transmitted through the LiF filter,
since it showed signs of significant radiation damage
(color centers) which would have lowered the cutoff
below the nominal value given by the bandgap energy.

- . However, it is evident that approximately 25% of the
-. total Li" yield is produced by photons from the lowest

energy bin. The low value of this neutral ermssion
threshold is consistent with results obtained by Schmid
et al. almost a decade ago using four-photon excitation
from a pulsed ruby laser [71 This is not surpnsing, since
the DIET mechanism producing ground-state neutrals

LiF Filtter Al I-ilte-r "\\hilt, ight" will be valid for excitation pulses which are long com-
pared to the energy localization time required to pro-

I ,. 0 cV 2, CV , . '90 cv tv 200 cv duce the defect. Recent anecdotal evidence in the subpi-

fig 4 Relative \'ield, of ground-N ate lithium (I i") desorbed cosecond laser community suggests that at ultrashort
from l.0; for photons in the indicated energ', bins The " white time scales, the threshold for photon-induced desorp-
spectrum' of the Tantalus synchrotron light source extends to tion, both in photon energy and in local photon inten-
approximately 2(X) cV for the toroidal grating monochromator sity, may well be different.

Vt ELECTRON/ION./ATOM EMISSION
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4. 'ime-re-olved ESP/ PSI) of ground- and excited-%tate ESD of Li * frot Liil
alkali%

Time-resolved measurements of defect-induced de- '000
sorption by Overeijnder et al. [8] using velocity selector
techniques showed that the ground-state neutral alkalis
desorbed from NaCI, RbI and RbBr by electron

c- beam
bombardment at 540 eV were produced with a time 000 ON
delay less than 0.0001 s following irradiation. However, e- beam
it was possible with this technique only to identify .ZOFF
prompt (nonthermal) and delayed (thermal) halogen 4
and alkali emissions. Our recent measurements have .
had sufficiently greater time resolution to resolve the 200 4 00 600 g 000

distinctive differences between the temporal behavior of CHANNEL NUMBER (10 -S s/channel)

the laser-induced fluorescence yield from neutral Fig. 6. Time-resolved yield of excited-state neutral Li atoms
ground-state alkalis, and the fluorescence decay of ex- desorbed by electron irradiation of LiF under the same energ\
cited-state alkali atoms desorbed at comparable electron and temperature conditions as the data of fig. 5

bombarding energies.
This is fortunate because, from the beginning, opti-

cal spectroscopy of excited-state neutrals showed fea- nisms between M ° and M* from alkali halide crystals
tures differing sharply from the results of studies on should provide key insights into the nature of the ds -

ground-state neutral desorption. Measurements of rela- namics underlying DIET processes.
tive ESD yields of Li from LiF as a function of temper- We have now completed a series of measurements
ature, for example, showed that the excited-state neu- which indicate unequivocally that one of the differences
trals had a sharply lower temperature threshold for between ground-state and excited-state neutral alkali
desorption and had a distinctly non-thermal behavior desorption is that the former results from a combina-
[4]. while the ground-state neutrals exhibited an Arrhe- tion of surface and near-surface-bulk excitations
nius-like desorption characteristic as a function of tem- mediated by diffusion of electronic defects from the
perature and a characteristic Maxwellian velocity distri- near-surface bulk - whereas the latter appears to be
bution at the temperature of the sample surface [9]. produced at the crystal surface. This fact is significant
Measurements of excited-state fluorescence yields as a not only for what it reveals about DIET processes, but
function of distance from the sample surface for ESD of also as an indicator of the power of neutral species
Na from NaCI have generally been consistent with a desorption spectroscopy as an analytical tool. However.
kinetic energy of several eV [4]. All of these data, it should be noted that the question of surface excita-
together with other experimental results on desorbing tions in excited-state desorption cannot now be re-
neutral hydrogen, indicate that the difference in mecha- garded as settled; there is evidence that the charactens-

tics of excited-state neutrals desorbed under ESD are
influenced by electron energy, electron-beam current,

ESD of Li " from LiF sample temperature and previous history of the sample

Figs. 5 and 6 display the results of ESD experiments
on LiF which contrast the desorption characteristics of

3200, Li' and Li* for the same electron-gun and temperature
e- beam parameters. In this case, the temperature of the LiF

0surface was maintained at 4001C, and the gun was
e- bchopped at a rate of a few kHz. The laser-induced-fluo-Nt rescence (LIF) yield was measured for the ground-state

Li, and then the laser was turned off to measure the
yields of Li*. In fig. 5, the LIF yield for Li" is shown as
a function of time for a pair of electron gun pulses. The

Ij Iyield climbs sharply at first, and then shows a gradual
0 200 400 641 X00 1 000 saturation as the contribution from near-surface bulk

CHANNEL NUMBER (10-5 sfrhiurel layers increases. When the electron gun is turned off,
Fig 5 Time-resolved yield of ground-state neutral .i atoms the LIF yield is observed to drop sharply at first, and

desorbcd from LiF by electron irradiation at 2(X) eV, at then fall quite slowly until the next electron-gun pulse is
a sample temperature of 400'C The time scale is 10 / turned on. In fig. 6, on the other hand, the behavior of

channel, the Li* yield on the Weading edge of the incident elec-
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1PSI (t, i frttil t'r Similar behavior is observed for PlS) of Li" and I 1.

as shown in figs. 7 and X. In fig. 7, w. displav the results
9700 - 4 ('C of PSD experiments using the full, white light" spec-

- I trum of the Tantalus storage ring to produce desorption
7400 in a LiF crystal. The incident light source was "chopped"

by inserting a beam stop at the entrance to the TGM
& - ) ahead of the UHV chamber, consuming approximately

a milhsecond. As in the case of the ESD measurements
of the Li ° yield from LiF, there is a long decay of the

__LiF signal, indicating (see below) that there is a contn-

-00 . bution to the ground-state neutral yield from near-

0 1 2 4 5 surface bulk of the crystal. In this case, however, the

Time ( sec ) decay constant is a matter of seconds, rather than
milliseconds; we believe this is a result of the deeper

Fig. 7. Time-resolved desorption ,icld of Li" from LiF under energy deposition profile of the UV photons when
)rradiaijon h, the "white spectrum" from a snchrotron light compared with the electrons. The yield of excited-state

source, folloo~ tog shuttingoff thle beam. Li once again shows a significant difference from the

Li ° , but in this case the length of the exciting photon

tron pulse is the same as that for Li", while the trailing- pulse is also significantly different: Here we have used

edge behavior shows that the Li* turns off instanta- the 5.6 ns pulse of the Tantalus storage ring itself to

neouslv when the exciting source is removed. Indeed, a provide a fast excitation source for Li*. The fluores-

measurement of this trailing edge of the Li* fluores- cencc signal from the photomultiplier (see fig. 1) was in

cence pulse with the best time resolution possible ith this case fed into a time-to-amplitude converter (TAC),

our multichannel anal\zcr (10 s) showed that the allowing a measurement to be made on a ns time scale,
yield decreases from 0.9 to 0.1 of its maxitmum value stored in a multichannel analyzer, and then dumped to

within 0.1 A.s. This means that s hile the sow,, e of Li for a computer. Fig. 8 shows the superposition of four

excited-state Li is the saunt as that for the ground state distinct signals: that from the synchrotron pulse itself.

Li, the excitation ntechani n vi elding Li* is distinc- that from the synchrotron pulse plus background

lively different. The ground-state data are well de- luminescence, that from both of these sources plus the

scribed bv a diffusion model basec on realistic desorbed Li*, and, finally, that from the ground-state-
neutral fluorescence decay. The excited-state Li signalelectron-energy, depostion profiles [10,11]: preliminar'y

indications are that such a model will be appropriate for appears to be turning on and off - with a response time

describing ground-state PSD of alkalis from alkali of less than 1 ns - in synchronism with the exciting

halides as well. ultraviolet light pulse.
This may be evidence for a direct surface electronic

excitation leading to desorption. Indeed, recent pre-
-4"_" ~ .. ,_ liminary results for very short electron pulses have

F produced similar results on a microsecond time scale -
without the contribution from near-surface Li produced

11l. , 1 . .by diffusion from the bulk. However, the critical point
t is. once again, that the time-resolved measurement indi-

" -- "",' ' p'",. cates no such short-time-scale behavior in the ground-
state neutral ield, indicating that the process creating

,,40-, ground-state neutrals is clearly distinct from that pro-

ducing the Li*. While it is possible to produce Li from

gas-phase excitation of desorbed Li" under certain cir
cumstances [12]. we believe that those particular condi-
tions are not obtained in the present experiments.
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in the radiation damage commu, nity. However, this con- conditioning occur,, to produce the required free-metal

cept is also interesting front a fundamental point of overlaver at the surface Indeed, recent prelinnna,-\

view because it represents the limiting case of an exci- measurements at even shorter pulse lengths (as short as

ton so strongly coupled to (in more modem parlance 10 As) show that ground-state neutral desorption can

"dressed by") neighboring phonons that it is immobile, occur efficiently for short excitations, indicating the

and therefore has to decay by giving up its energy in a possibility of a very rapid, surface-specific process. Fur-

manner which is highly localized in space and time. ther work on even shorter excitation pulses - of both

Desorption - induced by the initial electronic transition electrons and photons - would thus seem to be a

- is one such possible event. In the case of ground-state fruitful area for further study.

neutral alkali desorption in the alkali halides, this elec-

tronic excitation mechanism affects only the halogen It is a pleasure to thank the staff of the Synchrotron

sublattice directly, but does so with great efficiency and Radiation Center, Uruversity of Wisconsin, for their

can even be calculated with reasonable accuracy. expert help in providing UV photons and technical

In the case of excited-state neutral alkali desorption, assistance in the PSD experiments.
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ABSTRACT

Studies of surface effects arising from electron, heavy particle or photon irradiation of dielectric

surfaces are increasingly focusing on the electronic interactions by which energy is absorbed,

localized, and transformed or transferred prior to the ultimate dissipation of the incident energy --
through, for example, ejection of atoms or molecules from the dielectric. Recent experiments in

our laboratories illustrate the varied roles played by electronic transitions in determining the flow of

electronic energy during the bombardment of dielectric surfaces by photons, electrons and heavy
particles. Specific examples include: the effects of surface overlayers and adsorbed hydrogen in

retarding substrate desorption; substrate-temperature- and energy-resolved studies of photon-

stimulated desorption from alkali halides; and electronic level-hybridization effects in the sputtering

of metal oxides by argon ions. These simple model systems are a critical testing ground for

studying the mechanisms of surface radiation damage in more complex materials because of the
wealth of information available about their electronic and geometric structure, and because the

character and modes of formation of their permanent electronic defects are well understood.
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1. Introduction

The phenomenology of radiation effects at dielectric surfaces exhibits a remarkable richness

and complexity, ranging from luminescence to desorption of individual atoms or molecules, and on

to rapid, efficient etching of large surface areas and macroscopic track formation. Scientifically,

surface radiation effects in dielectrics are interesting because the large band-gap of these materials

creates many channels through which incident energy can be absorbed, localized and transformed

into the kinetic energy necessary to break a bond in a solid lattice or network. In technology,

dielectric surface damage plays a critical role in such diverse areas as microelectronics fabrication

and reliability, damage to high-power laser optical elements, and the development of optical

elements for high-power tunable ultraviolet and X-ray light sources.

Studies of desorption, ablation, erosion and etching induced by energetic photons, electrons

and heavy particles are increasingly emphasizing the microscopic details of the electronic

mechanisms responsible for these phenomena. This concern for electronic rather than thermal

mechanisms is particularly appropriate for dielectrics, because electronic features play significant

roles in virtually all radiation effects, including those accompanying low-energy sputtered particles

moving adiabatically with respect to electronic velocities in the solid; low-energy (primary or

secondary) electrons or ultraviolet photons which are absorbed in thin layers near the surface; and

laser photons for which the broken spatial symmetry at the surface allows non-linear or resonant

interactions which are forbidden in the bulk. Moreover, in many instances -- as in intracavity

optical damage in gas lasers or reactive ion etching -- simultaneous irradiation by photons and/or

electrons and/or heavy particles produces synergistic effects which cannot be explained as a linear

superposition of individual processes. Hence, a detailed understanding of the available electronic

channels through which encgy can be absorbed, localized, transformed and dissipated is a sine qua
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non for understanding the immense variety of radiation effects.

Conversely, the need for identifying the specific material characteristics that play the decisive

roles in enhancing or inhibiting damage is pushing us beyond older models of desorption (or

sputtering), particularly at low energies, because it is becoming increasingly apparent that energy is

often not shared in a statistical (thermal or collisional) way among all the atoms in the zone where

energy is deposited. This makes it necessary to move beyond pictures of equipartition of energy

among competing degrees of freedom, to a more sophisticated picture in which the flow of energy

into and out of the surface is tracked within the framework of models which are faithful both to the

fundamental interaction physics of particles or photons with the surface, and to the electronic

properties of those materials.

In particle-, electron- and photon-induced radiation damage, electronic mechanisms are

manifested in several generically distinct ways, including: excitation of electrons into the

conduction band and excitation of atomic and molecular species on and near the surface; creation of

bound electron-hole pairs, possibly with subsequent relaxation into permanent electronic defects

and atomic/molecular excitations in surface overlayers; competition between "direct" desorption

and desorption following diffusion of radiation-induced defects to the surface; and effects of the

energy-level structure of a particle-surface system on the internal quantum states of desorbed

particles. In this review, we shall illustrate these general considerations with several examples.

* optical radiation from electron- and photon-irradiated surface overlayers;

• photon-stimulated desorption of alkali metals from alkali halides; and

• velocity distributions of excited metal atoms sputtered from a metal and its oxide.

The emphasis in the experiments is on measurements of quantum states of desorbed particles,

including their temporal evolution, with the ultimate goal of inferring the details of the potentials
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which give rise to the observed states.

2. Experimental apparatus and procedure

The key insight underlying the dynamical studies presented here is that desorption from

dielectric surfaces is overwhelmingly dominated by the emission of neutral ground-state and

excited-state atoms and molecules. Therefore, the techniques of gas-phase atomic and molecular

optical spectroscopy are the critical tools, rather than the charged-particle spectroscopies typical of

surface analysis experiments. Details of the experimental method have been presented elsewhere

[1, 21, so that only the essential features of our neutral desorption spectroscopy apparatus and

techniques will be highlighted here.

The experimental layout of the ESD/PSD experiments is shown schematically in Fig. 1. The

sample -- typically a cleaved, single-crystal alkali halide -- is mounted on a heated micromanipulator

in an ultrahigh vacuum (UHV) system, at a nominal base pressure of a few times IC- 10 torr.

Radiation incident on the target produces desorption products emerging toward the irradiation

source, which in our experiments was either a low-energy, high-current electron gun or the beam

from the Aladdin synchrotron storage ring at the Undiversity of Wisconsin. De-excitation radiation

from neutral atoms leaving the surface of the target material was detected by an optical system

arranged to view a small volume (about 5x10 5 cm 3) out in front of the target. Radiation emitted

from this volume along a line orthogonal to the irradiating source beam and parallel to the exposed

face of the sample was imaged by a lens system onto the entrance slit of a

spectrometer-photomultiplier combination. The optimum observation volume was selected by

manipulating the target to minimize background from the bulk luminescence of the sample.

In this experimental geometry, desorbing ground-state neutral alkali atoms are illuminated

from the rear of the sample by the TEM00 (fundamental Gaussian) mode from a single-frequency,

3
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actively-stabilized tunable dye laser. Alkali atoms leaving the surface undergo resonant absorption

at the Doppler-shifted frequency appropriate to their rest frame and radiate at the characteristic first

resonance transition (3p to 2s) as they fly away from the sample surface. This radiation is detected

by the spectrometer-photomultiplier combination and the results are stored in a computer for

off-line analysis. Excited-state neutral alkalis, on the other hand, are detected from their

characteristic de-excitation fluorescences lines when the tunable laser is turned off. Desorbing

halogen species are not observed in the present experimental set-up, because their resonance lines

are in the ultraviolet. However, excited desorbing halogens should, in principle, be observable

with a uv spectrometer, ground-state halogens could likewise be observed by using a laser detection

technique -- such as resonant multiphoton ionization -- capable of inducing sufficiently energetic

transitions out of the ground state.

In the geometry shown, this experimental layout permits the measurement of relative yields

for different particlc species, desorption velocity distributions, and changes in emission

characteristics as a function of sample temperature, orientation and surface preparation. Accurate

yield measurements for a particular desorbing species, on the other hand, can be mace in a

Doppler-free geometry, in which the laser is injected perpendicular both to the incident electron or

photon beam and to the spectrometer line-of-sight. Desorbed ions and electrons can also be

measured by inserting, close to the point of electron or photon impact, an electrostatic analyzer with

an exit-plane Channeltron detector. In this way, it is possible to measure essentially all the

desorption products relevant to the dynamics.

In the sputtering experiments described in Section 5, the geometry is similar, but the

spectrometer views the desorbing particles at an angle to the surface normal in order to measure

their velocity distribution. Connecting the observed laser-induced fluorescence with the velocity

distribution requires the choice of a model for the sputtering process, in order to deconvolute the
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contributions of excited-state radiation from atoms traveling in different directions; in this case, we

assume the validity of the collision cascade and calculate the velocity distribution for a given

spectrometer angle using the Thompson formula. That this is a reasonable choice has been shown

in a great many experiments, provided the direct knock-on contribution remains insignificant --

which requires using the incident sputtering beam at near-normal incidence.

3. EXPERIMENTS: luminescence and desorption from surface overlayers

Surface overlayers play a critical role in understanding desorption phenomena at surfaces,

whether they are artifacts of surface preparation, are deliberately introduced or are created by

diffusion from the subsurface bulk. These overlayers can saturate dangling bonds, influence

surface composition and chemistry, modify surface geometric or electronic structure, and provide a

non-vacuum interface which getters defects and impurities from the bulk. In the experiments

described below, we shall discuss results suggesting that surface overlayers may also inhibit

desorption, thus acting as an energy reservoir, or even a protective mei4furn, for .hc ....

Experimentally, it is found that low-energy electrons, heavy particles (atoms or ions) and

photons incident on dielectric surfaces produce two readily distinguishable optical signals: a

broad-band bulk luminescence, and line radiation from excited atomic and molecular species

originating both in the nominal substrate surface and in the overlayer. The bulk luminescence,

which is frequently considered as a superposition of separately identifiable bands tens of

nanometers wide, arises from the decay of electrons excited into the conduction band to lower-lying

defect states ("trap states") whose energies lie within the bulk band gap. The bulk luminescence is

relatively structureless, and varies only a little from one material to another. Its amplitude is,

however, a strong function of the sample preparation; it can be considerably reduced, for instance,
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by heating.

One feature of the spectrum in which does change from material to material is a molecular

band system in the ultraviolet, shown in Fig. 3. This striking radiation signature has been

observed in a number of experiments with electron, ion, and photon bombardment of alkali halides

[4-7], including excitation by the white-light spectrum of the Aladdin synchrotron light source [5].

The spacing of the bands in this system is approximately 0.25 eV, which is characteristic of the

most strongly bound diatomic molecules and molecular ions, such as H2 -, CO, CN- and NO'.

The most frequently nominated candidate for the source of the radiation has been CN-,

because it is a pseudo-halide [5,61, has a size consistent with the CI- ion in a normal alkali halide

lattice, and because the bands match expectations for the A( 317) --X(I,) transition in CN'. (The

long lifetime of the transition argues in favor of its being emission from the lowest triplet state to a

singlet ground-state; however, arguments can be adduced in favor of either a 3f- or a 3 .E initial

state in this case. A definitive identification of the upper level would require determination of the

symmetry of the excited state.) However, some experimental observations -- notably, the growth

in intensity of the bands as the sample is dosed with water vapor [61 -- are not consistent with a

simple picture of CN- substitutional impurities. Moreover, it remains unclear whether the bands

originate from species in or near the surface, and whether or not the sources of the radiation are

localized; previously there has been speculation that the CN- might be bound at the surface as a

hindered rotor. Also, the threshhold energy required to initiate the radiation is exceptionally low:

synchrotron radiation experiments show that the CN- radiation can be excited with 8.5 eV

ultraviolet photons. These issues are a matter of continuing investigation [7].

Time-resolved measurements of this radiation have revealed a number of interesting

properties relating to the role of the molecular luminescence in the dynamics of desorption from the

underlying substrate. This is illustrated in Fig. 4, where the behavior of the bulk fluorescence is
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contrasted with that of the CN-. The KCI sample was irradiated with a pulsed electron beam at low

energy (200 eV), while the output of the spectrometer detecting the radiation was fed into a

multichannel analyzer. The bulk fluorescence turns on and off synchronously with the electron

pulse (to within the 10-gs time resolution of the multichannel anlyzer), while the CN- radiation is

astonishingly long-lived, with a lifetime of - 80 ms. This means that the incident electronic energy

is "stored" as it strikes the surface, then released for a long period of time after the radiation source

is turned off, probably because it arises from a forbidden triplet-singlet transition leading to the

formation of the upper state.

There is evidence that the presence of these bands is correlated with the absence of

excited-state radiation from substrate atoms -- thus showing that the CN- radiation acts as a kind of

reservoir for the incident electronic energy, competing with excited-state desorption for the

available energy. Whether or not this indicates the presence of a "protective overlayer" barring

surface erosion through desorption remains to be established.

However, the notion of a surface reservoir of electronic states which preferentially absorb

incident electronic energy is clearly an interesting one, for both scientific and technological reasons.

We have found that the physisorption of hydrogen on KCI is correlated with the disappearance of

excited-state potassium atoms desorbed from the clean KCI surface at room temperature, as shown

in Fig. 5; the potassium peak at 680.6 nm disappears from the spectrum with the addition of a

partial pressure of H2 amounting to only 2 - 10-8 torr. This shows that hydrogen has inhibited the

otherwise efficient electron-stimulated desorption of excited potassium atoms from the substrate.

and thus effectively closed a particular electronic mechanism for energy absorption, transformation

adn dissipation, presumably through the alteration of the surface electronic structure. Whether or

not the hydrogen might be functioning as a kind of "protective barrier" against macroscopic erosion

can only be conjectured for now, since simultaneous measurements of the desorbing ground-state
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potassium atoms -- which should be by far the more numerous species -- have not yet been

undertaken. In any case, other measurements made with hydrogen on KCI indicate that the

physisorbed hydrogen dissociates to form strong surface bonds, and this "chemical" interaction has

a strong effect on the electronic channels available for electron-induced desorption.

Both of these examples illustrate the importance of surface overlayers not only in influencing

surface chemistry, but also in controlling the flow of energy deposited by electrons, ions and

photons in the surface and near-surface bulk regions of dielectrics. The CN" radiation, for

example, appears to be a result of a mechanism for storing incident energy for long periods of time

and then releasing it through non-desorptive channels. In contrast to the bulk luminescence, the

incoming energy appears to be localized on a particular molecular species, and to be exceedingly

long-lived (on the time scale of typical molecular excitation lifetimes) -- but the initial excitation

does not give rise to the localized distortion of the su...ce lattice that could produce desorption.

4. EXPERIMENTS: Surface effects in photon-stimulated desorption

A large number of experiments conducted over some two decades [8, 91 has shown that the

electron- and photon-stimulated desorption (ESD/PSD) of halogen atoms from alkali halides is a

result of the formation of mobile H centers (the so-called "crowdion," neutral halogen atoms

compressed into interstices along the <110> crystal directions). Systematic studies of alkali metal

atoms desorbed by photon irradiation of sodium halides showed that the velocity distributions of

the ground-state alkalis were Maxwellian with a temperature equal to that of the surface [101,

leading to the conclusion that the desorption of the alkalis was essentially a thermal process.

However, more recent ESD studies [11] of Li0 desorbed from LiF have shown that at high

temperatures, the rate-limiting time scale in the ESD process is that of F-center diffusion from the
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near-surface bulk to the surface.

Experiments in both the electron- and photon-stimulated desorption of excited and

ground-state neutral alkalis from alkali halides showed that, where the ground state neutral alkalis

are desorbed thermall), following the diffusion of radiation-induced F-center to the surface, the

excited states exhibited a more complex behavior [12, 13]. In recent experiments using

synchrotron radiation, we have measured the behavior of the desorbed excited-state lithium atoms

in the vicinity of the Is core exciton. In Fig. 5, yields of both the desorbed grourd-state ( Li0 ) and

excited-state (Li*) atoms are shown as a function of incident photon energy. The clear signature of

an electronic excitation mechanism is the large resonant yield of Li* shown. Such a large yield

could, of course, be evidence of the excitation of gas-phase Li0 already desorbed from the surface

but not yet outside the collection solid angle of the spectrometer (see Fig. 1), as has already been

proposed as a mechanism for creating Na* by electron bombardment of NaCl [141. However,

recent measurements in which Li0 , Li*, Li+ and secondary-electron yields were measured

simultaneously as a function of photon energy in this region show no corresponding rise in

secondary-electron production in the vicinity of the core exciton, and the secondary electron

spectrum is too soft in energy to account for the observed increase in fluorescence yield [151. The

virtually instantaneous desorption of the Li* compared to the slow, diffusion-dominated desorption

of Li0 indicates that a specific electronic mechanism -- a core-hole excitation, in this case -- is

directly correlated with the desorption phenomenon.

A further indication that the yield of excited alkalis is, to a significant degree, influenced by

electronic excitation mechanisms and surface electronic structure rather than thermally-driven

processes, such as diffusion, comes from studies of excited atom yields as a function of

temperature. In an earlier experiment, photon-stimulated desorption of Na* was measured as a

function of temperature [16], and there were indications that the yield of Na* decreased with

temperature, while the yield of Na0 increased. Corresponding measurements in
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electron-stimulated desorption of Li* from LiF showed that Li* emission yields remained

essentially constant throughout a temperature range in which the yield of Li0 increased from zero to

its saturation value (121.

However, the opposite trend as a function of substrate temperature has been measured as

well. In Fig. 7, we show a composite of the yields of Li* as a function of temperature under

white-light irradiation from the Aladdin storage ring University of Wisconsin Synchrotron

Radiation Center. These data were obtained at incident flux levels significantly (perhaps a factor of

100) in excess of those available for the measurements of Ref. [14]. They indicate an increase of

yield with temperature, although the rate of increase appears to be less than that observed for the

ground-state yield.

The resolution of this apparently contradictory behavior may lie, perhaps, in the foremost

spectrum in Fig. 7, which shows that the yield returns to its former value when a new spot is

irradiated. Since the near-surface bulk luminescence retains its general shape and yield for all the

spectra, we can infer that the absorption of the incident energy in the near-surface bulk is not much

affected by surface radiation damage. But the Li* yield is evidently extremely sensitive to surface

conditions, and it is difficult to imagine a thermally activated process with that degree of sensitivity

unless it involves the interaction of thermally-driven defects with the surface. The measurements of

Ref. [ 141 were taken using the Tantalus storage ring as the ultraviolet photon source, while those

shown above were measured on Aladdin -- a source with both significantly higher brightness and a

higher endpoint energy than the photon flux from Tantalus. The fact that opposing trends in

excited atom yields can be observed in experiments differing only in the state of the surface

suggests that excited-neutral species desorption may be a sensitive probe of surface composition

and electronic structure once the mechanisms of desorption are understood.
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5. EXPERIMENT: final-state particle-surface interactions in sputtering

The collision-cascade theory of sputtering [171 has been applied with significant success to the

prediction of yields and energy distributions of substrate atoms desorbed by energetic ions from

both metals and insulators [18). However, the study of more detailed dynamical characteristics

of desorbed excited atoms -- such as their velocity distributions -- has remained an active and even

controversial field of inquiry, because the statistical distributions of excited states predicted by the

cascade model fail to agree with experimental data. Resonant tunneling models [19] by themselves

also apparently do not give a complete picture. We have found in recent experiments that the

electronic properties of the sputtered solid can have significant effects on velocity distributions, and

may hold the key to a more complete understanding of internal quantum states of desorbed excited

atoms. Indeed, these recent results suggest that neither the simple resonant tunneling model nor the

static bulk band theory is adequate to explain the distribution of excited states of particles sputtered

from either metals or dielectrics.

The final states of atoms sputtered from a solid surface may be determined in several different

ways: (1) through the time evolution of hybridized particle-surface states created in the interaction

of (internal) collision products with the surface; (2) through charge-exchange processes (such as

Auger decay and tunneling) in the final (external) interaction with the surface; (3) from the inflight

decay of molecules created in pre-dissociative states via collisions with surface atoms; and (4)

through secondary electron impact on desorbed ground-state atoms and molecules. In all of these

processes, it is assumed that the relevant quantum numbers are to bz found from an examination of

the band structure of the sputtered solid (modified as appropriate at the surface) and the electronic

structure of the desorbed atom. However, both the band structure and the atomic structure are

modified spatially and temporally in a dynamical way by the interaction, and it is necessary to

consider those modifications to the static picture if we are to understand the sputtering process.
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The model we have in mind is sketched in Fig. 7; to simplify matters, we deal only with the

first resonance level of the desorbing atom. For an atom desorbed from the surface, we are dealing

with a bond-breaking process made possible by collisional processes, and we assume in general

pthat the desorbing particle exists as an ion inside the solid. As is well known, the atoms escaping

from the surface have energies which are typically much less than the Bohr velocity (corresponding

to an energy of a few electron volts), so we can assume that the adiabatic condition is satisfied. In

our experiments, where the velocity distributions of only the excited atoms are observed, the

changes in velocity distribution from metal to oxide can only be interpreted as arising from loss of

flux in the excited-atom exit channel; since we have no information about other desorbing species,

we can only guess at the most likely mechanism(s).

Now two separate kinds of experimental observations need to be reconciled: First, the yield of

sputtered excited neutral atoms always appears to increase in comparing desorption (sputtering)

from a metal to desorption from its corresponding oxide; in the present work, changes of factors of

two to ten in the total intensity of the observed atomic emission line were observed. Second, the

velocities and the velocity distribution of the desorbing particle appears to be strongly influenced by

the ability to lose excitation through resonant tunneling. That is, the flux of excited slow atoms can

be reduced by tunneling deexcitation (or resonant neutralization), thus preferentially preserving the

fast excited neutrals. As we shall show, even a consistent, qualitative treatment of this process

requires an understanding of the dynamical relationships between atomic or ionic levels and the

solid state electronic structure.

It has been known for a long time that the flux of excited sputtered atoms increases from a

metal to its corresponding oxide. The classic picture of resonance tunneling [20] used to explain

this effect assumed that, if the excited atomic level were in the unoccupied region of states above

the metal Fermi level, resonance ionization would occur due to tunneling into an unoccupied

12
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metallic electron state -- thus preferentially removing an electron from slow-moving atoms near the

surface. In the case of the oxide, on the other hand, it was assumed that no such tunneling would

be possible since the excited atomic state would lie in the forbidden band gap of the oxide,

permitting the excited atoms to survive long enough to escape from the surface. Such a picture

would support both a broadening of the velocity distribution of excited atoms sputtered from a

metal, and the increased yield in excited states for sputtering from the corresponding oxide.

Our recent experiments on Al and A120 3, however, show precisely the opposite result: the

yield of AI* is higher from the oxide, but the velocity distribution for the oxide is broader than that

observed for Al* desorbed from the metal surface, indicating a preferential destruction of slower

moving excited Al atoms for the oxide, rather than for the metal where resonant tunneling should be

easier. This suggests that the simple resonant-tunneling model, which explains both the change in

yield and the change in velocity distribution as manifestations of the same mechanism, is

inadequate. We suggest that, in fact, the higher excited-state yield on oxides may reflect nothing

more complicated than the fact that sputtering from insulators and from metals takes place on a time

scale of a vibrational period, 10-13_10 "12 s. On this time scale, there are some 103 electronic

fluctuations in the neighborhood of a given atom desorbing from a metal, giving many possible

deexcitation interactions for the excited desorbing atom. For at atom desorbed from an insulator,

on the other hand, the desorption lifetime is comparable with the significantly slower hopping rate

for electrons in an insulator, and hence the possibility of deexcitation for any given atom is less.

If electronic tunneling is a significant contributor to the differences in desorption between

metals and oxides, however, the measured velocity distributions will also be very sensitive not only

to the velocity with which the excited atoms leave the surface, but also to the relative positions of

the excited atomic level and the Fermi surface. If there are surface states in the band gap of the

oxide -- well-known to be the case in aluminum oxide -- those states represent available channels

13



R.F. Haglund, Jr. et aL .- "Electronic Transitions in ... Surface Radiation Effects"

for the excited electron to tunnel into; if, in addition, the excited atomic level is depressed with

respect to the Fermi suilace of the metal, th. numbe, of accessiblt tunneling states will also be

reduced. Thus, the velocity distribution of sputtered excited atoms will be sensitive not simply to

the perpendicular velocity of escape from the surface [19] -- which is determined by the properties

of the collision cascade in the cases we have studied -- but also to the relative positions of the

excited level vis a vis the Fermi surface of the metal and any band-gap states in the oxide. We are

continuing the investigation of these phenomena by comparing a variety of metals and their oxides

in order to determine how differing band structures and the presence or absence of surface states

affects the velocity distributions.

6. Conclusions

Both the material surface and the near-surface bulk play significant roles, particularly in

low-energy radiation effects in dielectrics. The surface, with its exposed network of bonds,

respects the fragile, reactive interface which acts to influence the transfer of energy from external

sources and the rates at which substrate atoms and molecules can be ejected, as well as providing

the final-state interactions determining the asymptotic quantum states of the ejecta. The properties

of this "nominal" surface can be strongly influenced by (deliberately or unintentionally) adsorbed

layers, even to the point, as will become apparent, of retarding desorption from the nominal

surface. The subsurface atomic layers contribute as well, by generating the band structure of the

material and thus determining the channels through which electronic excitation or de-excitation can

occur. Also, radiation-induced changes in surface composition can influence on desorption

dynamics, overcoming even the effects of radiation-induced defects migrating from the near-surface

bulk. In the long run, understanding the mechanisms of surface and near-surface radiation damage

will require a more or less complete description of all of these effects.

14
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From the point of view of surface dynamics, the problem of desorption and other radiation

effects in insulators may be A nracterized as a series of differentiated steps, each one of which has a

more or less well-known microscopic (i.e., atomic scale) character. There is an initial state of the

system, consisting of the probing particles or photons in known energy, momentum and internal

quantum states, and a well-characterized surface with a given set of energy bands and constituents.

The radiation effects begin with an interaction phase, described by the microscopic physics of the

probe-surface interaction; this interaction may be a photon-electron interaction, creating excited

states of atoms or molecules, or electron-hole pairs; for incident heavy particles, it may be a

collision cascade, producing a shower of particles internal to the solid, jarred loose by the

momentum transferred by an energetic ion. In any case, this interaction is likely to be much better

known and understood than the phases of localization, transformation, and dissipation, during

which the initial electronic energy deposited by the probes is converted into electronic energy of

desorbing particles, localized electronic defects and restructured surface and subsurface bonds.

The final state is once again composed of desorbing particles and a well-characterized surface,

either or both of which may be be different states than the initial state of the system. The challenge

to the experimenter consists in elucidating the localization, transformation and dissipation

mechanisms in such a way as to account for the observed yields and, one hopes, to provide

information on the microscopic potentials responsible for the observed interaction products.

In recent years, methods of atomic and molecular spectroscopy -- such as laser-induced

fluorescence and other optical techniques -- have been employed with increasing success to

determine the quantum states of desorbing or sputtered particles. However, these particles are only

part of the final state of the systenM, of course; thus, the next stage in fully characterizing the

dynamical processes involved in radiation effects is perhaps dependent more on an enhanced

understanding of the initial and final states of the insulator surface than any other single

experimental variable. For example, understanding the structural and compositional evolution of an
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alkali halide surface undergoing ultraviolet photon bombardment is vital to resolving the nature of

the precurF' r steps in photon-stimulattd deeorption, because knowing whether the surfac,. is

stoichiometric or metal-enriched determines the kinds of surface excitations or surface states which

may be present, as well as the nature of the solid lattice or network whose distortion results in the

ejection of a particle.

This knowledge of the composition and structure of the surface is not easily obtained for

insulators, since typical surface analytic tools -- such as low-energy electron diffraction and

secondary ion mass spectroscopy -- work well for metals and even semiconductors, but are known

to cause radiation damage in dielectrics. However, studies of desorption dynamics are themselves

hinting at ways in which desorption provides spectroscopic clues about the state of the surface. In

addition, a continuing focus on the electronic mechanisms of particle-, electron- and photon-

surface interactions will make it possible to use the specific clues available from solid-state physics

about the initial and final states of the surface and near-surface regions of differing materials. As

long as one treats the irradiated material as an undifferentiated aggregation of particles characterized

by thermal or collisional properties, it is not possible to use the more differentiated electronic

characteristics -- such as band structure -- to help solve the dynamical problem by selectively

emphasizing certain reaction pathways. Experiments emphasizing the electronic mechanisms

involved in desorption and other radiation effects in insulators are thus both part of the problem

and, very likely, a key ingredient in the solution.
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FIGURE CAPTIONS

1. Schematic of experimental apparatus for measuring the properties of neutral atoms and

molecules desorbed from solid surfaces by electron, ion or photon impact. Radiation from

the desorbed particles is detected in a spectrometer arranged to view them in flight from the

surface; the tunable laser is used to induce fluorescence in selected ground-state species.

2. Broadband luminescence in the form of molecular vibrational bands observed during photon

bombardment of a single crystal of KCI in ultrahigh vacuum; the source is the first-order

light from the Aladdin synchrotron light source. The ultraviolet light spectrum in the region

between 230 and 300 nm is the fundamental; the visible bands come from the second order

of the diffraction grating in the spectrometer. Note the He-Ne laser line used for wavelength

calibration at 632.8 nm.

3. Comparison of the time dependence of the radiation from the vibrational bands opf CN-

(measured lifetime 80 ms) and from the bulk luminescence created by electron bombardment

of KCI ("instantaneous" decay on this time scale). The long lifetime of the CN- radiation is

characteristic of a triplet-singlet transition.

4. Optical emission spectra of excited atoms emitted from the surface of clean KC1 and from

KCI in a low ambient pressure of hydrogen gas, under low-energy electron bombardment.

Note the disappearance of the excited potassium line when the hydrogen is admitted to the

ultrahigh vacuum chamber. The KCI sample was at room temperature, so the hydrogen is

presumed to be weakly physisorbed.
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5. Comparison of ground-state with excited-state lithium atom yield from the photon-irradiated

surface of LiF, measured as a function of bombarding photon energy. The "off-resonance"

points were taken by shifting the tunable dye laser (see Fig. 1) off the first resonance line of

the lithium atoms at 670.7 nm.

6. Temperature dependence of the radiation from excited-state lithium atoms desorbed from the

surface of LiF under ultraviolet photon irradiation. Note that the final (foremost) spectrum is

taken with the photon beam striking a previously unirradiated spot on the crystal surface, but

is taken at virtually the same temperature as the spectrum just preceding it.

7. Schematic energy-level diagram showing the relative positions of (from left) the density of

states in a metal; the spectrum of a two-level atom as a function of distance from the metal;

and the spectrum of bands and surface states in a metal oxide. Note the shifting and

broadening of the atomic levels very close to the metal surface, which may have the effect

either of raising the excited level E1 above the Fermi surface (case (a), typical of transition

metals) or of lowering it below the Fermi level (case (b), as calculations show to be the

situation for the 4s level of Al, for example). The existence and the spectrum of the surface

states for the oxide is extremely sensitive to the type of material and the condition of the

surface.

8. Measured Doppler-shifted laser-induced emission spectra for excited Al atoms sputtered from

the surfaces of clean Al and aluminum oxide, as indicated. The emission line shown is the

first resonance line. The hollow-cathode lamp spectrum gives a calibration for thermal

velocity atoms. Velocity distributions are inferred by convoluting the emission spectra with

the Thompson form of the sputtered atom energy distribution.
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Extended Huckel theory for ionic molecules and soli

an application to alkali halides
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Abstract

We present a simple method to incorporate electrostatic forces into the Extended Huckel scheme,

thereby extending its range of application to ionic systems. A series of applications to alkali halide

molecules and clusters show the importance of including the Madelung energy, i, such calculations.

The amount of charge transfer, the position of the valence levels and the bandgap are found to

depend on the inclusion of the electrov: tic; potential. The caiculated bulk and surface electronic

structure compares well with experimental findings.
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1, Introduction

The study of ionic crystals plays an important role in physics. Both from the technological

applications of these materials as insulators and from their role as prototype systems for elucidating

various physical phenomena. The physical properties of ionic crystals, dominated to a large extent

by the electrostatic Madelung potential and the interatomic interaction potentials as well as the

crystal fields, can be reasonably well described by purely electrostatic potentials which are

relatively easy to model. This fact has stimulated a large number of theoretical and experimental

studies. Recently, interest in studying such insulators have been intensified since they have been

shown to exhibit a large number of interesting desorption and sputtering phenomena 1 . This is also

the stimulation for the present work. Our intention is to develop a formalism whereby a qualitative

understanding of how the electronic structure of alkali halides are influenced by surface defects and

impurities in the bulk and on the surfa.ce. In this first paper , e will present the elements of the

method and illustrate its accuracy b1.. :p 1  ',on to alkali halide molecules and large alkali halide

clusters.

Central to the understandinm of the properties of matter is a knowledge of the electronic

structure. Numerous methods have been developed to calculate the electronic structure of crystals.

Among the methods one can distinguish ab-initio methods and empirical methods. In the ab-initio

methods, the Schrodinger equation is solved with basically no other input than the atomic number

of the atoms that constitute the solid. Such calculations are however very extensive and their

applications to low symmetry situations such as surfaces or impurities result in very time

consuming and complicated calculations. In the so-called empirical methods, one introduces certain

parameters and then attempts to model the crystal in terms of these parameters. The justification for

the empirical methods can come from agreement with experiment or. after ab-initio methods have

been applied to similar systems so that a comparison can be made.
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There exists in the literature several calculations of the electron structure of the alkali halides.

The bandstructure for perfectly periodic alkali halides have been calculated 2- 5 and compared

favourably with experimental photoemission results. 5 "9 Applications to systems with defects,

such as surfaces and impurities are very rare. The electronic structure arising from such defects can

be strongly modified compared to the bulk bandstructure. 10

In order to properly model the system one need to incorporate both the extended nature of a

solid and the local nature of the defect. It is the conflict between those two aspects of a defect in a

solid that complicates the description. Furthermore, in the desorption of alkali halides it has been

shown that the mobility of certain defects such as F-centers play a crucial role for the yield of

particles.' 1 In describing a diffusing defect or atom it is crucial to include the surrounding lattice

relaxation. To properly estimate the diffusion barriers it is therefore necessary to minimize the total

energy over a multi-dimensional coordinate space involving the coordinates of the lattice atoms as

well as the diffusing particle. It would be impossible presently to undertake such calculations using

ab-initio methods. Instead we propose an empirical method based on the Extended Huckel Theory

(EHT) introduced originally' by Hoffman.

The EItT method has been used extensively to study both molecules and solids. In particular for

covalent and metallic systems the method has been shown to provide quite accurate results. It was

pointed out earlier that the EHT method fails to adequately describe ionic molecules due to the

neglect of electrostatic forces. 13 Earlier attempts to solved this problem involved the introduction

of extra parameters. 14

In the present paper we suggest a very simple method of incorporating Madelung forces into the

El-IT scheme. The Madelung forces are calculated within the scheme and no extra parameters are

needed. While still an empirical method, the application to alkali halides in the present paper shows

that a large number of experimental results can be simultaneously reproduced with only one single

parameter. This fact justifies the use of the EHT for ionic molecules and crystals and in our

opinion gives sufficient credibility to the method to apply it to situations where there is insufficient

experimental information.
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In the next section the EHT will be briefly reviewed and the proposed theoretical improvements

elaborated. Section 3. is divided in two parts. In section 3.1 we show how an application to

diatomic molecules and subsequent comparison with experimental results allows the single

parameter in the model to be unambiguosly determined. We are able to reproduce experimentally

obtained equilibrium properties such as the binding energy, the bond length and the vibration

frequencies. In section 3.2 we perform calculations of a NaCI clusters of different sizes. We

calculate the local and the total density of states. An application to a series of different clusters show

good cluster size convergence and that both the bulk and the surface electronic structure can be

extracted. Our calculated bandgap and widths of the valence band for the bulk crystal compares

well with experimental photoemission results. In section 4. we discuss the implications of our

calculation on the interpretation of recent ESD experiments on NaCI.

2. lheorv

Extended tLJCke l theory \k,ts prop,,',c. , semicmpirlcal method to obtain reasonable

electronic structure for molecules.12 The idea behind the method is to approximate the

self-consistent Hartree-Fock matrix with a simplified one-electron Hamiltonian15 that contains

certain atomic parameters, such as ionization potentials. Subsequent sophistication of the method

has taken into account the effects of charge transfer on the ionisation potentials with the requirement

that the calculations had to be made self-consistent in the charge transfers. 16

In EHT the total wave function is expanded in tenrs of basis functions

V = Z~i~Z p(1)

P

A LCAO basis set with Slater type orbitals

XP = Arnt er YJM(0,) (2)

is used in the present calculations. The values of the parameters are listed in table 1. The

coefficients C p satisfies the secular equation
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h N,, - cSpq) C = 0, j=1,2 ..... ; p=l,2 ..... (3)

q

and the energies can straightforwardly be obtained from tie detemtinantaJ equation

IIh -ES 11=0 (4)

The matrix element of the Hanliltuilian hpq and the overlap SpN are given by

hq= fd'r x HXq

Spq= Jd3r X *q (5)

In EHT the fundamental assumption is that the matrix elements of the Hamiltonian can be

approximated as

pp p

t - Kp 2 (6)

where the nond a lma1 c rt, s are appro.x\imated using the Wolfsberg-Helmholtz formula, 17 and

I is the ionisation potential of the atomic orbital p. The factor K entering the nondiagonal part

of the Hamiltonian is the only free parameter that enters the EHT scheme. Usually Kpq *s given a

value of 1.75 but since there is no rigorous motivation for such a choice, we will regard Kpq as a

free parameter. In the result section we will show how an estimate of K can be obtained from an

application to diatomic molecules, I is normally taken to be dependent on the charge present i,,Ip

the orbital so that

Sl(Q)=0 +I ( Q) (7)p p p pp

where Qp is the actual amount of charge in orbital p and Qp0 is the corresponding amount of

charge in -he atomic limit.

y= (A- (8)
p p
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where Ap denotes the affinity of level p. This form of Ip(Q) then approximates the intra atomic

correlation effects with a linear relation between the affinity and the ionisation potential. The charge

Q is determined from a Mulliken charge population analysis. The equations (3) - (7) need to be

solved self-consistently in the charge transfer and the procedure is sometimes refered to as "self

consistent EHT". By populating the lowest orbitals with the available electrons and adding up their

energies one arrives at an energy EEHT.
N

EHT(R) = min (R) (9)
p=l

In order to get the total energy one must add an electrostatic term containing the interaction energies

of the nuclei.
LIUT(R) = EN(R) + EEHT(R) (10)

It has been shown 13 that for diatomic mlCcules, the nuclear repulsion term takes the form

ZB D (r )

ENR) = ZA[1-- J --r dr (11)
AP A

(that is electrostatic energv for the interaction of nucleus A with neutral atom B.)

For ionic systems, this term usually gives a small repulsive contribution to the enerv,.

In order -- get accurate potential energy surfaces it is important to include the repusive closed

shell interaction between the inner shells of the atoms. This effect can conveniently be treated

within the EHT by including inner shell orbitals. 18 Such a procedure leads to strong repulsive

forces at small distances. This repulsion is usually much larger than EN.

The above method does not include 'lectrostaticforccs on the electrons. In ionic molecules

such Madelung fields can be large. The primary effect of the inclusion of these electrostatic forces

is that the total energy of the system will be lowered. Another effect is that the Madelung energy

will increase the amount of charge transfer in a molecule. A simple and straightforward way of

incorporating such electrostatic forces on the electrons is by adding the Madelung fields to the

effective ionisation potentials. This procedure can be justified since the electrons taken from the less
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electronegative constituent not will be placed at infinity but at a neighbouring atom. Therefore, the

ionisation potentials must be reduced. Similar methods have previously been suggested. 14 , 19 The

Madelung fields can be calculated from the wavefunctions. If a point charge model is assumed for

the electrons, the ionisation potential for an orbital p centered on atom A thus take the form

0
0 0 1 0 QB- QB (i2)

I(Q)= + y(Q- Q) + -(Q -Qp)
P p r P 2 P P IRA-RBI

where (QB- QBO) is the actual ionic charge on atom B. The above equation can be

straightforwardly generalized to clusters of atoms.

In the application to large NaCl clusters, a central property of interest is the total density of states

(TDOS) and the local density of states (LDOS). These functions can be obtained from the solutions

to eq. (3) and the follov. :ng expression

R E xv C e- (13)
T7"1' _C i p q G

For the TDOS the summation is over all orbitals p and q. For the LDOS the sunnatiwi over p is

restricted to the orbitals centered on the particlular atom. The c" is a sm:ll damping factor that is

added in order to get a smoother curve. In the present calculation (=0.25 eV.

This simple approximation of electrostatic energies preserve the extreme simplicity of the EttT

scheme and incorporates the desired physical effect. The effects of the Madelung potenti.l can be

incorporated into the self-consistency scheme at no extra computational expense. In the next section

we will give examples of the importance of including this term.

3.1 Results for diatomic molecules

In this section we will apply EHT to alkali halide molecules. The reason for this is twofold.

The potential energy curves and the equilibrium properties for these molecules are relatively well

known. It is thus possible to test the quality of our calculation by comparing quantities such as
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bond lengths, binding energies and vibration frequencies. We also want to determine the

parameters Kpq defined in eq. (6) above. In principle the form of eq. (6) allows the use of as

many parameter as there are orbitals. In order to reduce the number of parameters we make the

basic assumption that the parameters Kp,, only depend on the types of atom that are involved.

Thus, for an alkali halide AH, we need three parameters, KAA, KAH and KHH . During the

calculations for alkali halides we have, however, observed that it is only the parameter KAH that

influences the results, so for simplicity we will assimre that KAA = KHH= KAH = K. These

assumptions leave us with only one parameter, K.

!n fig. 1, we show how the potential energy varies with internuclear separation. We also show

the contribution from the different factors that enter the total energy. The full cur've is the total

energy for a NaCI molecule including the MadelungT corrections and the core repusion from the

inner shells. The dash-Lttcd ,'ur\e is the rCult it the NIidelun n corrections are omitted as was

done in ref. 13. "hc J. ,hed curve .,,o\ , the c(ntribution from the EEHT term is defined by eq.

(,). We note that thc Kc LIH I, eml ,,oes not provide any rcpulsion for small intramolecular

distances and that in the region of typical bond distances it varies almost linear/v w ith distance. The

coIe repulsion provide,, a s.harp repulsive k all arc! Lute paC 'rametrized in an ecpflentia/Jorm,M

E icR = Ce k R (for \aC / we have b;'cj,,i that C=4.4' l( 4 el and k=2.78 a.u. - 1 accuratelv

describes the core re/u/.on. . The effect of the Madelung potential is to lower the total energy and

to provide an extra barrier preventing large internuclear separations. It can be seen in the fig. 2 that

the dashed curve slowly approaches the solid line for large distances. The difference between the

two cur'es decreases inversely with distance as can be expected from pure electrostatics.

The calculated equilibrium properties depend on the parameter K. In order to illustrate how K

can be determined for the alkali halides, we list in table 2 the calculated equilibrium properties for

some different values of K. The bond distance is simply chosen as the separation for which the

potential energy is 1tiniztvuTnuM. The binding energy is simply taken as the energy at this position

(the zero point energy is neglected). The vibration frequencies have been obtained by numerICally
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integrating the Scrodinger equation for the relevant ions. The potential energy curves are

anharmonic and we also give the anharmonic corrections. The experimental values are also

indicated in the table.

It can be seen that, in particular, the vibration frequency is very sensitive to K. In order to

understand the dependence of the calculated equilibrium properties on K we recall that the binding

of the molecule basically is due to three different physical effects. There is a repulsive part that

comes from the core repulsion. This energy contribution varies strongly (exponentially) with

inramolecular separation. The EEI3T term is due to the covalent interaction between the two atoms

in the molecule. This term varies almost linearly with distance in the region around a typical bond

distance. Finally the electrostatic contribution to the energy is attractive and varies inversely

proportional to the atomic separation. This energy contribution depends on the charge of the ions in

the molecule and varies quadratically w ith the charge transfer. It can be seen from table 2 that an

increase in K leads to a decrease in the charge transfer in the molecule. For small K, this decrease

in the ionicitv reduces the attractive electrostatic contribution to the total energy resulting in a longer

bond length and smaller binding energy. The vibration frequency of the molecule mainly depends

on the curvature of the potential energy around the equilibrium position. The increase in bond

length means that both the curvature of the inner repulsive wall due to the core repulsion and the

curvature of the potential due to the electrostatic potential at distances larger than the equilibrium

point will be smaller. This is why the molecular vibration frequency decreases with K. As K

becomes larger, due to the lower ionicity, the Madelung contribution to the energy is reduced, and

the change of the potential energy is determined by a balance between the core repulsion and the

EHT term. The core repulsion is roughly proportional to K, but the magnitude of the EEH T term

increases slightlyfaster than linear. This means that the binding energy will start to increase and

the bond length saturates or starts to decrease with K.

Our procedure for choosing K is to obtain as good binding energy as possible. It can be seen

from table 2, that we are able to reproduce all the experimental binding energies, vibration
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frequencies and bond lengths. The accuracy is within 2% for NaCl. In view of the extreme

simplicity of the method this is a very encouraging result.

In the above applications it has been important to include the Madelung potential. As can be

seen from table 2, the charge transfers are large and the Madelung potential therefore plays a

significant role. In order to illustrate the effects of the electrostatic potential we have also

calculated the equilibrium properties for a NaCI without the Madelung potential. The results are

shown in table 3 for some different K. For K=1.8 we see that the charge transfer in the molecule is

considerably smaller. The charge left on the Na is 0.21 instead of 0.13. We also observe that the

bond length is larger due to the absence of the ionic attraction. The binding energy and the vibration

frequency are also smaller as we pointed out in the discussion of oR fig. 1. In order to get

reasonable equilibrium properties without the electrostatic force, a rather large K must be chosen.

For K=2. 10 the calculated equilibrium properties lie within 1('; of the experimental values. Such a

large K does, however, imply a hi ndima of covalent nature. The overlap charge is 0.47 and only

0.57 electrons is transferred from Na to C1. Such s1 c,. mare transfer seems unrealistic.

We have found no experimental information about the cha; my: den sities of NaCI molecules but

there are experimental results for the charge density distribution of hulk NaCl. 2 0 2 1 These results

suggest a much larger charge transfer and will be commcnted ipr) in the next section.

'. Results for NaCI clusters

The previous section showed that we were able to determine the parameters K that enter the

EHT scheme. Using the obtained parameters we can now stud\ alkali halide clusters.

For simplicity and computational ease we have only considered perfectly cubic clusters. The

crystal facets are thus <100> planes. The smallest cluster we have used contains 2x2x2 atoms.

These atoms are all equivalent and there are of course no difference between bulk or surface effects.

The second cluster we have used contains 4x4x4 atoms and here we can distinguish both bulk and

surface atoms. The largest cluster we have used contain 6x6x6 atoms and here both the bulk and
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the surface atoms can be well defined. The 8 atoms in the center of the cluster are considered as

bulk atoms and the 4 atoms at the center of the surface are considered as surface atoms. The

Madelung fields in a crystal are long range, and for finite cluster sizes it is impossible to reproduce

the true Madelung potential. The calculations do however show a convergence in the Madelung

potential with increasing cluster size. For our largest cluster (216 atoms), the Madelung potential at

the position of a bulk or surface atom lies within 90% of what would have been the case if the

cluster would have been infinite using the same charge transfers as for the bulk and surface atoms.

This cluster thus gives a good description of both the bulk and the surface Madelung fields.

Even for the largest clusters that we consider, most of the atoms lies in the surface region. The

calculated TDOS therefore tend to underestimate the bulk features and should not be taken as the

TDOS of a macrocopic NaCI crystal. By also calculating the LDOS for bulk and surface atoms it is

however possible to detemnine the origin aJnd the relative importance of the spectral peaks.

In the fig. 2-4, we show the TDOS and LDOS from bulk Na, bulk Cl, surface Na and surface

Cl for the different clusters. 'he calculated TDOS for our different clusters basically contains three

different features. At around -25 eV the Cl(3s) levels form a very narrow band. At an energy

around -12 eV there is a large peak which derives from the CI(3p) levels. This is the valence band

of NaCl. The CI(3s) band and Cl(3p) band are separate. This is because there is a large difference

in the ionization potentials for these states, so that there is only small hybridization. The conduction

band starts at an energy of -5 eV, This hand is essentially formed from the atomic Na(3s) and

Na(3p) levels which hvbridize strongly. The lower energy pari of the conduction band is fomied by

surface states. This can be seen by compiring the calculated LDOS for Na in the bulk and the

surface position. The bulk LDOS starts at around the vacuum level. The surface LDOS starts at -5

eV. An analysis of wave function shows that the surface states are predominantly derived from the

Na(3s) states.

By comparing the LDOS from bulk Cl atom and surface Cl atom, it can be seen that the surface

valence band lies about 0.25 eV higher in energy. This shift arises because the Madelung potential
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is slightly smaller at the surface and because the surface atoms have smaller ionicity. From a

comparison of figs. 2-4, it can be seen the bas.:> fcaiucs of th-c .alculated density of states show

relatively small changes as the cluster size is increased. For instance, the bulk bandgap in fig. 3

lies around 9 eV and for the 6x6x6 cluster it has the value 10.3 eV. The width of the valence band

is around 2.0 eV for all three clusters. These values are in good agreement with experimental

results and will be discussed below. We also find a band of surface states starting at around -5 eV

below the vacuum level. There are also experimental indications of such surface states in the

bandgap. 10 There are, of course, several properties that depend strongly on the cluster. In

particular, the electronic structure of the conduction band above the vacuum level is very sensitive

to the size of the cluster. This makes any detailed comparison with experimental data meaningless.

For the two largest clusters however, there is a relatively sharp peak at an energy of 3.5 eV above

the vacuum level. This feature cones from the bul!k, as can be seen from the bulk LDOS and

w ould, therefore, be much more pronounced for an infinite crystal. There are some experimental

im~dications Of su,.h a tate. 7

In tabC 4 %C compare thC calculated values for the band gap and valence band widths with

experimental data and other thcoretical calculations. It can be seen that the present calculation give

rC,,ults that agree very well with both other theoretical methods and with experiments. We

emphasize that the parameter K that we have used was determined independently from the

application to an isolated NaCI molecule.

In table 5 we present results of a calculations without the Madelung effects for the largest

cluster. Here we must chose K=2.1 in order to reproduce the equilibrium properties for the NaC1

molecule. Such a large K implies a larger conduction band witdh, 3.0 eV instead of 2.0 eV, and a

slighly larger bandgap, 11.5 rather than the 10.3 obtained when Madelung corrections were

included. These numbers agree less well with the experimental values. A more serious deficiency

of the EHT without the electrostatic corrections is the calculated charge transfers are small. It can be

seen from the table that the omission of the Madelung potential, decreases the charge transfer from
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0.74 to 0.42 electrons and increases the overlap charge from 0.08 to 0. 16 electrons. Expeimental

x-ray diffraction results do however indicate that the charge transfers is larger than about 0.65 and

overlap charge is smaller than 0.10 electrons.20-21 These values are totally inconsistent with the

results for the EHT method without the Madelung corrections and show the importance of

including this term.

4. Discussion and Conclusions

By using the calculated results for the electronic structure of NaCI crystal, we can qualitatively

explain some experimental results from low energy ESD experiments for neutral ground state Na0

and excited state Na *.22

Tile experiments show that Na0 desorb with a thermal velocity distribution. The desorption

threshold is very lo and there are very few pronounced features in the yield versus incident

photon energy. The absence of core excitation thresholds have been taken as an indication that the

primary desorption mechanism is a valence excitation. Our calculated TDOS shows that this is a

reasonable interpretation. The valence band is derived from Cl(3p) states. The lower part of the

conduction band and the surface states derive primarily from Na(3s) states. A valence excitation

removes an electron from a Cl ion and places it at a Na(3s) state. The Na atom formed is thus

neutral and could in principle desorb with a low (therml) velocitv. Since the surface states fill at

least the upper part of the bandgap we would expect a very small threshold for this excitation.

The desorption of Na* show a completely different behaviour than the ground state Na. The

velocity distribution is hypcrthermal and there are pronounced thresholds at the Na(2s) and Na(2p)

core level energies. The fact that Na* desorb with high velocities and that the thresholds correlate

with Na core excitations has been taken as evidence for the desorp;ion mechanism for excited atoms

is through a core-hole Auger decay. 2 2 ,2 3 The present calculations show that the Na atoms are

almost ionic. The core excitation will thus create a doubly ionized Na. The core-hole can decay

with the emission of an Auger electron from a neighbouring C1 atom. This process creates a Na+



14

and a Cl+ ions at neighbouring positions on the surface. The Na" may be ejected bv electrostatic

repulsion. As this ion passes through the surface region it can be easily neutralised either by

electrons from occupied surface states or by possible curve crossing transitions in the vicinity of a

Cl- ions.
2 2

We have presented an simple procedure to include the effect of the electrostatic potential into

the extended Huckel scheme. We have shown that molecular, bulk and surface properties can be

obtained and that they compare well with experimental results. This agreement would have been

impossible without the inclusion of the Madelung potential in the calculation. The proposed

procedure is very simple and can be incorporated into the EHT self-consistent scheme without any

extra computational effort.
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Figure captions

Figure 1. Potential energy as function of distance for NaCI. The solid line is the total potential

energy with the proposed Madelung corrections. The dashed line is contribution from

only the EEHT term. The dash-dotted line is the potential if only the EEHT term and the

core repulsions are used (No Madelung). The horizontal axis is the intra-molecular

separation measured in au. and the vertical axis is the energy in eV.

Figure 2. Calculated TDOS and LDOS for the 2x2x2 cluster illustrated in the upper left comer. The

horizontal scale is the energy measured from the vacuum level. The vertical scale is

omitted since only the relative peak heights are of interest.

Figure 3. Calculated TDOS tand LDOS for tile 4x-4x4 clnster indicated in the upper left corner. The

horizontal axis is the energy in eV measured frnm the \'acut ii level and the vertical ax is

is in arbitrary units lnd differcnt in the di!ferCent situations. Note that the valence and core

peaks in the TIDOS inset hae e been scaled do\ nt by a t actor of 5.

Figcure 4. Calculated TI)OS and I.DOS for the 6x6x cluster indicated in the upper left corner. The

hortzontal and veil ical axis are defined as in fi e. 3.

Note that the valence and core peaks in the TDOS inset have been scaled down by a factor of 5.



Table 1. Atomic wavefunctions and orbital energy parameters.

STO

Element Orbital 1T 1 0 (eV)[b) [c)

1S 2.6906 59.84 0

i 2 S 0.6396 5.392 4.774

2 P 0.6012 3.542 3.542

2 S 3.2857 64.26 0

Na 2 P 3.4009 36.30 0
3 S 0.8358 5.139 4.591

3 P 0.8253 3.036 3.036
3S 2.8933 40.17 0
3 P 2.5752 23.58 0
4S 0.8738 4.341 3.840
4 P 0.7701 2.731 2.731

F 2 S 2.5638 35.850 0
2 P 2.5500 17.423 14.023

3 S 2.3561 24.64 0Cl
3 P 2.0387 12.968 9.348

[a] From E.Clementi , C.Roetti, At.Data Nucl. Data Tables 14,177 (1974).

[b] From A.A.Radzig, B.m.Smimov, Reference Data on Atoms, Molecules,

and Ions, 1985 by Springer-Verlag Berlin Heidelberg and F.Herman,

S.Skillman , Atomic Structure Calculations, 1963 by Prentice-Hall ,Inc.

Englewood Cliffs New Jersey.

[c] Affinicy Potendal. Ap are from [b].

Yp= 0 is for the orbital without charge transfer.

Ap = 0 for unoccurpied P orbitals.



Table 2. The calculated equilibrium properties for different K.

K Re(a.u.) Ed(eV) w(cun I) X w(cm 1 )" Q(alkali) Q(halide) Q(overlap)

1.70 4.10 6.62 443 3.5 0.06 0.94 0.058

1.80 4.30 6.41 375 2.9 0.13 0.87 0.17
NaCI

1.90 4.40 6.46 345 2.6 0.19 0.81 0.26

Exp +  4.46 5.72 366 2.1

1.80 5.10 5.17 298 2.3 0.05 0.95 0.055

1.90 5.20 5.10 269 1.8 0.090 0.91 0.12

KCI

2.00 5.30 5.14 255 1.7 0.12 0.88 0.17

Exp +  5.04 5.02 281 1.3

2.00 2.85 8.29 1172 17.5 0.10 0.90 0.15

2.10 2.90 8.17 1117 15.3 0.14 0.86 0.20

Li F

2.20 2.95 8.20 1107 16.3 0.17 0.83 0.25

Exp +  2.96 7.91 910 7.9

X O is obtained from fitting E= co (n + 1/2) -X co (n + 1/2) 2 to the lowest vibrational

levels.
+ From reference [b] in table 1.



Table 3. A comparison of calculatiui-s with and without
the Madelung correction.

K Re(a.u.) Ed(eV) W(crn1) Q(Na) Q(CI) Q(overlap)

with Madelung 1.80 4.30 6.41 375 0.13 0.87 0.17

correction

1.80 4.80 3.75 208 0.21 0.79 0.21

noMadelung 1.90 4.50 4.31 246 0.28 0.72 0.30

correction

2.10 4.15 5.81 386 0.43 0.57 0.47

Exp* 4.46 5.72 366

From reference [b] in table 1.



Table 4. A comparison of calculated properties of NaCI crystal
with other methods..

Theoretical method

Expt.

EHT LDAa HFb APWc OPWc MBc EMPc

Band gap 10.3 5.6 10.0 8.4 7.4 9.96 (8.97)

2.2 ± 0 .2
e

fWidth 2.4±0.2 2.0 1.77 3.0 1.63 1.35 4.38 1.5

3.1 ±0.',
g

a IDA - lcldnsilty approximation, Ref.8.

b if-C -ttree--F 'k fith correlation correction, Ref.7.

c ..\P\W - ain:r:ed plane cv.,e, Ref.6
0 -1--e>,W :,m cd-planc wavc, Ref.6.
MB - n<h e .;,,is:i,: mixed-basis, Ref.6.
EMP -en;ri.-i p,,cudopotentail, Ref.6 (8.97) is obtained by fitting expt. dita

C! R f .2.

e Ref.-..

f Ref. 5.

g Ref.3.



Table 5. A comparison of calculations with and without the
Madelun- correction for 6x6x6 cluster.

bulk (6x6x6)
K

Q(Na) Q(CI) Q(overlap) Eg9E

with Madelung 1.80 0.26 7.74 0.08 2.0 10.3
correction

no Madelung 2.10 0.5 7.42 0.16 3.0 11.5
correction

Surface (6x6x6)

Q(Na) Q(C1) Q(overlap)

\ -it adlng 1.80 O.2. 7.72 0.10

no Madelung,
correction 2.10 0.5') 7.4] 0.18
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1. Introduction

The electronic interaction of hydrogen with surfaces is of fundamental interest in the
study of DIET processes. The hydrogen-surface model system provides important
information on bond-breaking mechanisms at surfaces which lead to excitation and
charge transfer processes and desorption. The ejection of protons from surfaces has
been studied previously [1-31. We present first measurements of fluorescence
radiation from excited hydrogen neutrals desorbed from KCI under photon
bombardment. The observed temperature and time dependences of the Balmer
alpha (H ) radiation cast light upon the nature and strength of the hydrogen bond on
alkali halide surfaces. In addition, the introduction of hydrogen is also seen to
dramatically affect the desorption yield of excited-state substrate potassium atoms.
This work is an extension of and complementary to that presented in DIET I1 [4] on
the electron stimulated desorption of hydrogen neutrals from alkali halide substrates.

BULK FLUORESCENCE,-.

>.,.
H

He
OH

SOH secondl %N

,' order

2000 4000 6000 8000

WAVELENGTH, (A)

Fig. Fluorescence spectrum upon photon bombardment of KCl dosed with H2

2. Balmer Radiation from Photon-Stimulated Desorption f Excited Hydrogen

These experiments were performed at the University of Wisconsin's Synchrotron
Radiation Center on a beamline equipped with a grazing incidence
Brown-I.ien-Pruett grating monochromator (20-1200 eV). The photon beam was



incident along the normal of a single crystal KCI sample which had been cleaved in
air and baked in vacuum at 400 'C. Fluorescence radiation was fpllected 900 from
the surface normal. The ambient pressure was less than 3 x 10- Torr throughout
these experiments.

Before H was introduced, a spectral scan with incident zero order
(undispersed) light showed KCI bulk fluorescence [5], but ito hydrogen or
potassium line radiatio . The sample was then dosed continuously at room
temperature at 2.4 x 10- Torr hydrogen partial pressure. To eliminate scattered
light in the 2000 A - 8000 A region of detection, an aluminum filter was placed in
the zero order beam, thereby passing only photons in the range of - 16 - 70 eV.
The fluorescence spectrum is shown in Fig. 1. Our ESD spectra taken under the
same conditions exhibit similar features: bulk fluorescence, the Balmer lines of
hydrogen, and emission from the hydroxyl radical OH. The precursor surface state
of desorbed excited state hydrogen continues to be the subject of ongoing
investigations. Apparently some incident H2 dissociates on the surface to form OH.
Other possibilities include HCI, KH, H and H2 diffusing from the bulk, and
hydrogen at defect sites.

The first order (monochromatic) photon "current" through the monochromator was
less than 0.1 pLA. Using dispersed wavelengths, we detected no hydrogen Balmer
radiation. This is consistent with our ESD studies of hydrogen; the Hot signal
decreases with electron current and is barely above background at 0.1 tA.

3. Temperature Studies and the Supression of Excited Potassium

I7L

! /~ I I

0 100 200 300 400 500

Temperature (C)
Ej" Comparison of H. and excited potassium PSD yields vs. temperature.

Figure 2 compares the temperature dependences of the Balmer alpha and excited
potassium yields. In each case off-line background was subtracted and then the
signal normalized to synchrotron beam flux. The two signals do not share a
common absolute ordinate axis, but each signal was pursued until barely above
background. The intensity of the H, line decreases rapidly with temperature and at
temperatures over 2000C it was not-discernible under these experimental condition
We interpret this behavior as an effect of hydrogen coverage. Hydrogen is expected



to bind very weakly to th~e surface and therefore at elevated temperatures can be
entirely removed. The K line, however, in"reases with temperature exhibiting an
Arrhenius type behavior. We note that the potassium line only appears after the
diappearance of the hydrogen signal. Our ESD studies have further suggested that
K may be quenched by hydrogen coverage at low temperatures. This is seen in the
two spectra of Fig. 3, taken only five minutes apart. The front spectrum resulted
from 22 p-A of electrons incident on clean KCI at 340 C. The potassiurp doublet at
7665/7699 A is clearly visible. Hydrogen was introduced at 2.0 x 10-. Torr, and,
as the rear spectrum reflects, K* was quenched. Both spectra are plotted with the
same ordinate scaling.

z OH OHx 2 Ha

.. K*

2000 5000 A 800 A

WAVELENGTH

Fig ESD spectra from KCI before (front) and after (back) dosing with hydrogen.
The electron beam was chopped at 100 Hz. On-counts minus off-counts are plotted.

4. Timing Studies

When photons or electrons are first incident on a hydrogen dosed alkali halide
sample, we observe a turn-on transient of the Balmer hydrogen fluorescence signal.
An example is shown in Fig. 4. It shows the yield of Ho, as incident synchrotron
radiation is opened to and blocked from the sample. In measurements of this type,
the signal generally decays to some nonzero constant value. This corresponds to a
steady state between all sources and sinks of hydrogen, the level of which is a
sensitive function of H2 dosing pressure and incident photon flux. The absence of a
marked turn-on at T=78 s in Fig. 4 is due to the brief time between the second and
third exposures of the sample to synchrotron radiation. These measurements
indicate that the equilibration of H2 on the surface is a slow process ( 2t 2s).

5. Summary and Future Work

We present first measurements of fluorescence spectra, temperature and tVjmng
dependences of excited hydrogen desorbed from an alkali halide surface. H was
not detected with the low fluxes of first order light. We also found hydrogen
coverage to supress K emission at room temperature. Each of the PSD results
agrees with our earlier ESD work. This suggests the involvement of common
electronic desorption mechanisms. One primary concern is the precursor state of the



desorbing hydroien. To this end, future studies shall include the dependence of
excited and ground state hydrogen yields upon incident photon and electiron energies
and from substrates with different electronic structure.
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Fig. 4 Turn on transient of Ha' SR = synchrotron radiation.
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1. Introduction

Comparative studies of electron, photon and ion bombardment of the same sample surface
probe the various channels through which incident particle energy is dissipated, often leading
to desorption. Electron or photon irradiation of alkali halides results in the swift ejection of
halide atoms, leaving behind an enriched alkali metal surface from which the alkali atoms
thermally desorb. Ion bombardment involves momentum transfer as well as electronic
mechanisms, which results in a different surface stoichioretry at the time of desorption.
This study explores how the degree of surface metallization influences the choice of the final
excitation state of thc desorbing particle. An important way to study the desorption products
is to monitor the characteristic spectral radiation from the de-excitation of ejected species [ 1 ].
In this paper we report recent results of this type. Measurements were made to compare the
desorption of excited state neutral lithium from lithium fluoride by electron, photon and ion
bombardment and from lithium-dosed tungsten and lithium-dosed glass by electron and
photon bombardment.

2. Experimental Results

A. PSD of Li* from Lithium Fluoride

Photon irradiation studies were performed at the University of Wisconsin's Synchrotron
Radiation Center at Stoughton, Wisconsin. Zero order visible and ultraviolet photons from
the two meter grazing incidence Brown-Lien-Pruett monochromator (20 - 1200 eV) were
incident along the surface normal upon a LiF crystal which was previously cleaved in air
and baked under UHV conditions at 6000C.

The photon detection system included a 0.3 meter McPherson 218 monochromator which
has a resolution of 26.5 A at 1 mm slit width, a photo-multiplier in a cooled housing, and a
multi-channel analyzer or CAMAC crate for data acquisition. We scanned the spectral region
of 2000-7000 A using a 1200 lines/mm grating blazed at 5000 A. Fluorescence radiation
was measured at 900 to the surface normal. The base pressure in the experimental chamber
was less than 3 x 10- Torr throughout these experiments.

The spectrum obtained from irradiation of lithium fluoride (Fig. 1) at room temperature
shows the first resonance line of lithium at 6708 A and two broad continua centered at about
3200 A and 5600 A. These continua are due to bulk luminescence and scattered light from
the irradiating zero order photon beam. No other line radiation was detected above the
background noise. We estimate that other spectral lines have maximum intensities that are at
least a factor of 100 less intense than the intensity of the observed resonance line.
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Fig.I Fluorescence spectrum from photon irradiation of lithium fluoride

B. Ion Bombardment of Lithium Fluoride

In further studies, we irradiated a similarly prepared lithium fluoride sample with a 9 keV
H-,' beam from a Colutron ion source. The de-excitation of the desorbed species from the
suriface and the bulk luminescence were monitored by the signal detection: scheme discussed
in part A. The ion bombardment was performed at room temperature. Note that in addition
to the first resonance line of lithium 6708 A (2p-2s) there are lithium lines at 3233 A (3p-2s),
4603 A (4d-2p) and 6104 A (3d-2p). The relative intensities of the excitations originating at
n>3 after correcting for detection system efficency are greatly enhanced compared to arc
discharge data. This indicates a preferential population of these higher excited states via
some unknown mechanism.
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2. Fluorescence specirum from 9 keV H2+ bombardment of lithium fluoride



C. ESD of Li* from Lithium Fluoride

It is well known that electron bombardment of alkali halides can desorb generous amounrq of
excited alkali atoms [2]. A typical optical spectrum taken at room temperature is shown in
Fig. 3. Here, a 300 eV electron beam was incident along the surface normal on a single
crystal LiF sample which had been cleaved in air and baked under UHV conditions at 600'C.
Fluorescence radiation was collected at 900 from the surface normal; the ambient pressure
was less than 10-9 Torr. The 6708 A lithium resonance line is clearly visible as well as a
trace signal of hydrogen Balmer alpha at 6563 A. As in the photon irradiatio, studies, no
other excited lithium lines were observed above the background noise and would have to be
at least a factor of 100 weaker than the observed line.
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Eig. Fluorescence spectrum of LiF bombarded with 300 eV electrons

D. Lithium Metal Studies

We have observed energetic electron and photon induced desorption of excited lithium
neutrals from a thickly dosed lithium film, which was possibly contaminated with oxygen.
The experimental setup was similar to that described above. In vacuum we dosed a soda-
lime glass plate by means of a SAES lithium getter. Since the dosed film was opaque (it
appeared shiny gray), we conclude from the attenuation length of light in lithium that it had a
thickness of at least 1000 A. At a pressure of 10- 9 Torr we observed electron stimulated
desorption of Li* (6708 A) within 5 minutes of deposition. The electron beam current was
80 pA and energy 300 eV. Figure 4 shows a fluorescence spectrum taken with the sample at
room temperature. The spectrum represents 200 signal integrations over five minutes at I
mm slit width. Previously observed bulk fluorescence of the glass plate had vanished; the
plate is viewed as a mechanical support only. The power density of the electron beam was
10 mW/mm 2 which does not cause appreciable heating or thermal evaporation of the lithium
layer.

In another study, we used a tungsten substrate. The base pressure was 10- 11 Torr, thus
the environment was much "cleaner" than that for the study described above. The lithium
resonance line was not seen until several hours after the dosing. Subsequently, zero order
Synchrotron radiation was used to desorb Li*. The results show exactly the same



characteristics as those for electrons.
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EigA. ESD of Li* from a lithium layer dosed on glass

3. Discussion

In the DIET experiments ( Figs. 1, 3 and 4 ), we observe only the first lithium resonance
line. These contrast with the ion sputtering results of Fig. 2, where emissions from higher
excited states are observed. We therefore propose the following picture.

It has been well established that the surface does not remain stoichiometric during electron
or photon induced desorption of alkali halides at room temperature. The halide atoms desorb
much faster leaving behind an alkali enriched surface [3]. In our ESD and PSD studies of
LiF, we thus expect to have excited lithium atoms desorbing from a surface enriched with
lithium metal by a previously discussed mechanism [4]. In the desorption studies of dosed
lithium, excited lithium is also desorbing in the presence of a metallic lithium surface. In this
case, contamination provides centers of localization for the electronic energy deposited by the
incoming electrons or photons leading to desorption of lithium.

We now account for the fact that only the 2p-2s transition is observed in the DIET
experiments: as Li* leaves the surface it interacts with the band structure of lithium metal
surrounding the desorption site (Fig. 5). Electrons in the 2p level cannot resonantly tunnel to
the filled levels of the metal below the Fermi energy. Excitations of Li* to the n > 3 levels
may resonantly ionize ( 10-15s ) faster than de-excitation ( 10- 9s). Hence, higher transitions
are supressed and we observe only the single 2p-2s line in our spectra.

In contrast to this, we do see higher excited states of lithium upon ion bombardment of
LiF. Ion sputtering is much more violent than desorption induced by electronic transitions
and proceeds through momentum exchange processes. Under ion bombardment, the surface
is more rugose and a lithium metal band structure will be much less developed. The
desorbing Li* departs with a higher velocity and resonant de-excitation of higher excited
states by interaction with the band structure is less probable. Consequently, we are able to
observe radiative transitions from the higher excited states of lithium.
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Fi2 Schematic energy level diagram of a lithium atom near lithium metal.

4. Conclusions

In conclusion, it is clear that desorption induced by electrons and photons proceeds by
different mechanisms than does desorption induced by ion bombardment. For the ESD and
PSD processes occuring at LiF and lithium-dosed surfaces at room tcmperaturc, the presence
of a metallic rich surface provides a channel for de-excitation of excited lithium states which
are above the lithium metal Fermi energy. This quenching of the higher excited lithium lines
is less likely when the sample is excited by ions. Further studies will include careful surface
analysis of the stoichiometry of lithium fluoride during ion, electron and photon irradiation.
The ultimate aim of these studies is to characterize the final states of all the desorption
products and the extent to which they are influenced by the surface, exciting beam and
secondary processes.

This work was supported in part by the Office of Naval Research under contract no.
N00014-86-K-0735, by the Air Force Office of Scientific Researc, under contract no.
AFOSR-86-0150 and by an AFOSR University Research Initiative contract no.
F49620-86-C-0125DEF.
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